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C H A P T E R 1 
INTRODUCTION 
The cornea is the front part of the eye. In normal conditions the cornea 
is almost completely transparent. The importance of the cornea for a clear 
look at the outer world is beyond dispute for all beings which possess eyes 
with a cornea. 
1.1. Structure of the rabbit cornea 
Fig.1.1 gives a schematic view of the rabbit cornea. 
At the tear side there is the epithelium consisting of 4 cell layers. Total 
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epithelial thickness amounts to approximately 45 μ. The cells at greater depth 
are cubic and become more squamous towards the tear surface. The squamous 
cells at the tear side of the epithelium are interconnected by occluding zo­
nules or tight junctions, so that they form a continuous layer. A special 
feature of the epithelial cells is the large number of desmosomes which main­
tain the intercellular contacts as tney offer no significant barriers to dif­
fusion The basal cells are attached to a basement membrane called Bowman's 
membrane which consists of fibrillar material. Morphologically, there is a 
great similarity between the corneal epithelium and the frog skin. 
At the aqueous side (i.e. inside or lens side) of the cornea the endothe­
lium is situated. This unicellular layer is located posterior to Descemet's 
membrane, a product of the endothelial cells. The endothelial cells are about 
8 и thick and are attached to each other by tight junctions at the aqueous 
side of the cells. Characteristic for rabbit endothelial cells is their abil­
ity to divide which is not the case for human endothelial cells (Yare et al., 
1976). 
Between the epithelium and Bowman's membrane on the one side and Descemet's 
membrane and the endothelium on the other, lies the stromal layer of 350 μ 
thickness. It consists of elongated collagen fibers of 30 nm diameter, arrang­
ed parallel to each other in lamellae. Each lamella is parallel to the tear 
surface of the cornea, but the lengthwise direction of the fibers in differ­
ent lamellae is at random. The collagen fibers are embedded in glycosamino-
glycans, mainly keratan sulphate and chondroitin sulphate. Scattered through 
the stroma, there are keratocytes. 
The cornea is innervated by unmyelinated nerves AchE type positive nerves 
and sympathetic nerve endings (Tervo, 1978). Giraldez et al. (1979) have re­
ported that sensory fibers present in the cornea respond to mechanical and 
thermal stimulation. In the epithelium naked nerve endings can be distinguis-
ed (Tervo, 1978). 
1.2. Function of the cornea 
A survey of the function of the cornea has to be separated in three parts: 
Function of stromal layer, endothelium and epithelium. 
1.2.1. Stromal_layer 
The stromal layer of the cornea tends to swell passively. Hedbys et al. 
(1963) have found that stromal imbibition pressure of the in vivo rabbit 
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cornea amounts to -7.9 kPa. According to Hedbys (1961) the mechanism of swel-
ling results from the repulsive forces between the fixed charged groups in 
the stroma. Also according to Hedbys (1961), in the cornea the acidic poly-
saccharides might furnish the fixed anionic charges. A theoretical approach 
leaded Preston and Snowden (1972) to the conclusion that in gel membranes 
containing polyamomc material counter ion fixation occurs. In rabbit cornea 
an accumulation of Na in the stroma has been detected by Otori (1967). Green 
(1969a) found that this sodium accumulation in the stroma was closely linked 
to the maintenance of normal corneal thickness. Hart and Farrell (1971) have 
pointed out that the largest part of the stromal swelling pressure is a con-
sequence of an electrostatic Donnan pressure component. 
In normal conditions, i.e. an unswollen cornea, the regular arrangement of 
the fibrils results in a preferential forward scatter of light (Maurice, 
1957; Cox et al., 1970; Farrell et al., 1973). According to Cox et al. (1970) 
and Farrell et al. (1973; 1976) swelling of the cornea causes a disturbance 
of the regular arrangement of the fibrils. This disturbance produces an in-
crease in random scatter and thus a decrease in transparency of the cornea. 
Farrell et al. (1973) have found that there exists an inverse linear rela-
tionship between thickness and transparency in rabbit cornea. In amphibian 
cornea this relationship is somewhat more complex (Zadunaisky et al., 1971). 
It has been suggested by Benedek (1971) that the increase in light scatter 
or decrease in transparency of the stroma due to its swelling is the result 
of the arising of lakes devoid of fibers in the stroma. This has. been con-
firmed by Farrell et al. (1973; 1976). 
1.2.2. Endothelium 
Klyce et al. (1979) have stated that evaporation of the tear film at the 
tear side is not sufficient to maintain steady state thickness. This is in 
contrast to earlier reports of Friedman (1972 a, b; 1973), but he did not 
take into account that without evaporation (e.g. in in vitro conditions or 
under closed eye lids) the cornea still maintains its normal thickness for a 
considerable period of time (Klyce et al., 1979). This implies that the 
endothelium plays an important role in keeping the cornea transparent. 
The endothelium must be leaky judging from its low resistance of about 40 
«cm in CI bathing solutions and its potential of less than 1 mV (Fischbarg, 
1973; 1974). 
Mishima and Kudo (1967) reported that the passive swelling of the cornea 
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is mainly opposed by the active transport processes of the endothelium. The 
endothelium has been found to contain Na-K-ATPase in the rat (Tervo et al., 
1977),in the cat (Bonting et al., 1961) and the rabbit (e.g. Fischbarg, 1974). 
The Na-K-ATPase is involved in the process that prevents swelling as was con-
cluded from ouabain incubation experiments of Langham et al. (1965) and of 
Trenberth and Mishima (1968). 
An improved experimental system for determining the characteristics of 
the active fluid transport of the endothelium has been described by Dikstem 
and Maurice (1972). The reversal of thickness of the cold-swollen rabbit 
cornea at 37 C, the so-called temperature reversal phenomenon, indicated the 
dependence of this reversal of corneal thickness on sodium, bicarbonate and 
oxygen. However, possible regulating mechanisms were not distinguished. 
Dikstem and Maurice (1972) found that adenosine and reduced glutathione are 
necessary for complete recovery of the thickness in the temperature reversal 
phenomenon. More recently, Vidal et al. (1979) reported that GABA in the 
micromolar range enhances the fluid pump of rabbit corneal endothelium, 
lengthens the total survival time of the endothelial preparation and causes 
a better reversal to normal thickness in the temperature reversal phenomenon. 
Mayes and Hodson (1978) pointed at the influence of the intraocular hydro-
static pressure on the temperature reversal phenomenon (cf Chapter 6.5). They 
found that there is a pressure dependent part of the reversal, i.e. the high-
er the intraocular pressure, the larger the amount of water translocation 
out of the stroma not dependent on active endothelial transport. Bowman and 
Green (1976) found that hydrostatic pressure by itself can expel fluid me-
chanically from the bare stroma. Hodson (1974) and Hodson and Miller (1977) 
have pointed out that bicarbonate is essential for the active fluid pump of 
rabbit corneal endothelium. Further support for the role of HCO., in the trans-
port processes of the endothelium has been obtained from the findings of Hull 
et al. (1977), who reported a decrease in active HC03 transport of the endo-
thelium and an increase of passive swelling of the stroma due to incubation 
of the cornea with acetazolamide, an agent known to inhibit the carbonic an-
hydrase activity. This carbonic anhydrase activity has been demonstrated in 
corneal endothelia of various species, e.g. man, rabbit and american bullfrog 
by Ldnnerholm (1974). 
Another possible driving force for the active dehydration of the cornea is 
the anion sensitive ATPase described by Riley (1977) in rabbit corneal endo-
thelium. Maximum activity of this anion sensitive ATPase was obtained with 
4 
bicarbonate ions. This could not be inhibited by ouabain. It has been shown, 
however, by van Amelsvoort et al. (1977) that in a variety of tissues anion 
sensitive ATPase at first thought to be located in the plasma membrane was 
found to be of mitochondrial origin. 
Green et al. (1969b) found that the hydraulic conductivity (L ) of the 
endothelium was 3.5 times larger than that of the epithelium (resp 1.4 and 
-12 3 
0.4 χ 10 cm /dyne sec). Klyce and Russell (1979) reported a value of endo­
thelial hydraulic conductivity more than an order of magnitude larger (42 χ 
-12 3 10 cm /dyne sec). The difference they ascribe to the fact that Green et 
al. did not extrapolate to zero time volume flow due to an imposed solute 
gradient. 
Hull et al. (1977) reported that inhibition of the fluid pump in rabbit 
corneal endothelium by acetazolamide is accompanied by an increase in hydrau­
lic conductivity. The underlying mechanism for this phenomenon still remains 
unclear. Possibly, part of the inhibition of fluid transport by acetazol­
amide is due to an increased passive swelling of the stroma and is not a 
consequence of the transport mechanism itself. 
The morphological route of fluid transport in rabbit corneal epithelium 
has been analysed by Hodson and Mayes (1979). They reported that there is an 
opening of the intercellular spaces of corneal endothelium after stopping 
its active fluid transport. The intercellular spaces of the endothelium, how­
ever, did not open after stopping endothelial net fluid transport while keep­
ing the solute transport intact. This finding is not easily reconciled with 
the standing gradient theory on solute-solvent coupling (cf. Hodson and Mayes, 
1979). 
It is very difficult to measure the intracellular potential of rabbit 
corneal endothelium because of the fragileness of the cells. Only recently, 
Lim and Fischbarg (1979) have reported stable recordings of the intracellular 
potential and input resistance of cells of rabbit corneal endothelium. These 
values were comparable to recordings in cells of other tissues (-45 mV and 
29 Mn.resp). The intracellular potential markedly decreased by raising the 
potassium concentration at the outside of the cells. Furthermore, ouabain 
caused the cell potential to diminish to zero in about one hour. 
1.2.3. Egithelium 
The epithelium can be regarded as tight in view of the high resistance of 
the intact cornea. In rabbit cornea the resistance ranged from 1 кйст 
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(Green, 1965) to 9 kíícm (Klyce and Wong, 1977). In amphibian cornea the 
2 2 
resistance varied between about 2 kñcm (Candía et al., 1974) and 3 кйст 
(Zadunaisky et al., 1971). 
The transcorneal potential also varied in the different reports. In 
rabbit cornea. Green (1965) reported values of 5 mV, tear side negative, and 
Klyce and Wong (1977) values up to 40 mV in bathing fluids containing chlo­
ride. In amphibian cornea the potential difference was found to vary between 
10 mV (Candia et al., 1974) and 25 mV tear side negative (Zadunaisky et al., 
1971). The variation in values of potential and resistance may be due to the 
procedure of mounting the cornea between the two halves of the chamber in 
these experiments. In view of the low electrical potential and resistance of 
the corneal endothelium, the high value of potential and resistance of the 
total cornea must be assigned to the epithelium. This has been confirmed by 
microelectrode experiments in amphibian (Graves et al., 1976) as well as in 
rabbit cornea (Fee et al., 1970; Klyce, 1972). 
Na-K-ATPase activity has been demonstrated in the corneal epithelium of 
cat (Bonting, 1961; Rogers, 1968), cow (Langham et al., 1965; Rogers, 1968) 
and rabbit (Langham et al., 1965). 
Active transport of sodium from the tear side to the aqueous side (i.e. 
mucosal to serosal side) has been found in the rabbit corneal epithelium 
(Donn et al., 1959; Green, 1965; Vanderheyden et al., 1975; Klyce, 1975) and 
in amphibian corneal epithelium (Candia and Askew, 1968; Candia et al., 1974). 
Active chloride transport has also been found in both rabbit cornea (Vander­
heyden et al., 1975; Klyce, 1975) and amphibian cornea (Zadunaisky, 1966; 
Ploth and Hogben, 1967; Candia et al., 1974). However, in amphibian cornea 
active chloride transport, from aqueous to tear side is predominant, while 
in rabbit corneal epithelium active sodium and active chloride transport are 
about equivalent. 
The active transport of Na by the corneal epithelium is inhibited by the 
cardiac glycoside ouabain (cf Candia et al., 1974). Reinach and Candia (1978) 
pointed out that active Na and CI transport are inhibited by ouabain as well 
as by tryptamine, a serotonin analogue. However, their action is different 
in one respect. While they both inhibit the active sodium and chloride fluxes, 
tryptamine decreases the passive fluxes and ouabain increases them. Reinach 
and Candia (1978) argued that tryptamine decreases the cellular permeability 
to the transepithelial movement of sodium and chloride. 
The small active Na transport of amphibian corneal epithelium can be stim-
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ulated by the application of amphotericin В at the tear side (Candía et al., 
1974). This stimulation is probably a consequence of an enhanced sodium per-
meability of the mucosal membranes and thus an increase in amount of sodium 
available to the Na-K-ATPase, as indicated by the experiments of Reuss 
(1978) on necturus gallbladder. 
Chloride transport in amphibian corneal epithelium is dependent on Na 
(Zadunaisky, 1972) at the aqueous side. Furthermore, it was found that selec-
tive inhibition of the chloride transport of frog cornea did not alter the 
0 ? consumption (Bentley and Yorio, 1977), while inhibition of active Na 
transport inhibits 0- consumption by about 30%. 
The stilbene derivate, 4.4,-diisothiocy anostilbene-2, 2'-disulfonate (DIDS), 
which is known to inhibit anion exchange in red blood cells (cf e.g. Knauf 
et al., 1977), inhibited chloride transport but not sodium transport in 
amphibian cornea (Bentley, 1980). Combination of these findings strongly sug-
gests an uphill chloride influx across the aqueous membranes of the frog 
corneal epithelium into the cells, coupled with a simultaneous sodium move-
ment in the same direction down its electrochemical gradient. Candia (1973) 
has reported that the CI transport of amphibian corneal epithelium is in-
hibited by furosemide. Frizzell et al. (1979) have indicated that furosemide 
is able to interfere with CI exchange mechanisms and probably also with the 
NaCl coupled entry mechanisms in a number of tissues as gallbladder, prox-
imal tubule and ileum. Combination of these findings points at a NaCl coup-
ling or a CI exchange mechanism in amphibian cornea. The chloride, thus 
transported semi-actively into the cells, may leak away passively across the 
tear side membranes. The chloride transport in frog cornea was found to be 
increased by stimulation of the chloride permeability of the cell membranes 
by α and 3 adrenergic receptor agonists (Montoreano et al., 1976). This stim­
ulation of the chloride transport was inhibited by the о and 3 adrenergic 
receptor antagonists phentolamine and propranolol (Montoreano et al., 1976). 
In rabbit corneal epithelium there are also adrenergic receptors, which can 
be concluded from the experiments of Klyce and Wong (1977) on the stimulation 
of chloride permeability in the outer membranes of the epithelium by means 
of epinephrine. The density of β adrenergic receptors in rabbit corneal epi­
thelium is decreased by prolonged epinephrine application (Candia and Neufeld, 
1978). The decrease in receptor density is accompanied by the loss of pos­
sible stimulation of chloride transport in the epithelial layer. 
Candia et al. (1977) have indicated that the calcium ionophore A23187 is 
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able to mimic the effects of adrenerqic agonists on the chloride transoort 
of amphibian corneal epithelium. This finding suggests that calcium plays 
an important role in the regulation of chloride transport of the corneal 
epithelium. 
In a review Fogle and Neufeld (1979) mention that corneal epithelium con­
tains large amounts of acetylcholine, although Olsen and Neufeld (1979) 
claim that rabbit cornea lacks cholinergic receptors. The function of the 
high concentration of acetylcholine in the epithelium remains therefore un­
clear. McKean et al. (1980) have shown that acetylcholine is able to facil­
itate the outflow of aqueous humour, and they propose a regulating role of 
the epithelial acetylcholine in this outflow process. 
Riley (1971) reported that the major function of the epithelium is to 
form a barrier to the passive movement of water into the stroma. 
Zadunaisky et al. (1971), however, reported that active chloride transport 
of frog corneal epithelium has a function in the control of corneal trans­
parency. Inhibition of this chloride transport caused a decrease in trans­
parency of the frog cornea. Characteristic for their experiments, however, 
was the rather large decrease in transparency of the frog cornea which al­
ready occurred in control conditions. Klyce (1975) reported that rabbit cor­
neal epithelium also contributes to the deturgescence of the swollen cornea 
after stimulation of its chloride transport. This contribution, however, was 
only very small. 
Spinowitz and Zadunaisky (1979) have enumerated the various stimulants 
of chloride transport in frog cornea. There would be three separate routes 
for the activation of the adenylcyclase in frog corneal epithelium, resul­
ting in an increase in cAMP and an increase in chloride transport. The first 
route consists of activation by catecholamines, antagonized by propranolol. 
The second route is activated by Prostaglandines and is antagonized by di-
polyphloretin phosphate (DPP). The third route is stimulated by adenosine 
and is antagonized by theophylline. 
In rabbit corneal epithelium hydraulic conductivity has been measured by 
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several authors. Green and Green (1969b) measured 0.4 cm /dyne sec, while 
3 
Klyce and Russell (1979) reported a much larger value of 6.1 cm /dyne sec. 
They ascribe this discrepancy to the fact that Green and Green (1969b) do 
not extrapolate the volume flow after imposition of a solute gradient to 
zero time. In toad corneal epithelium Parisi et al. (1980) have measured a 
-4 
rather high water permeability (62 χ 10 cm/sec) after amphotericin B, 
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which approaches the value for toad urinary bladder after ADH stimulation 
(cf Finkelstein, 1976). 
The intracellular potential of corneal epithelial cells has been the sub­
ject of experiments by several investigators. In amphibian cornea (Davis et 
al., 1970; Akaike, 1971), rabbit cornea (Fee et al., 1970; Klyce, 1972; 
Ehlers, 1973) and human cornea (Wiederholt et al., 1978), a stepwise poten­
tial profile was found with the potential becoming larger at greater depth. 
In non-short-circuited corneas the intracellular potentials of the epithel­
ial basal cells ranged from 50 to 70 mV, cell negative. 
Davis et al. (1970) pointed out the possibility of microelectrode arti­
facts in the measurement of potentials in cells and in stroma using micro-
electrodes with a tip resistance of about 2 Mn. In the case of microelec-
trodes filled with 3 M KCl they measured a negative potential of 23 mV with 
respect to the aqueous, while zero potential had been measured with micro-
electrodes filled with Ringer solution. 
Akaike and Hon" (1970) reported that the basal cells of rabbit corneal 
epithelium are permeable for sodium, potassium and chloride. Because of the 
symmetrical ion substitution procedure they could not distinguish between 
the separate tear side and aqueous side membrane permeabilities. Klyce (1972) 
pointed out that the potential steps observed in penetrating rabbit corneal 
epithelium could be correlated to the successive cellular layers. He also 
reported that the largest resistance drop in the total profile of rabbit 
corneal epithelium exists across the tear side membranes. 
The intracellular ion concentrations in rabbit corneal epithelium have 
been estimated by Otori (1967). In scraped-off epithelial tissue, after dry­
ing and extraction with nitric acid he found by means of flame photometry 
and chloridometry, sodium, potassium and chloride concentrations of 57, 109 
and 23 meq/kg water, resp. A more sophisticated method was followed by Klyce 
and Wong (1977). They found that adrenaline addition to the outer membrane 
bathing solutions results in a fast increase of chloride permeability. Con­
sequently, the ratio of Ргл/Ры, increases, which results in a potential 
change of the membrane, the so-called reversal potential. They concluded 
that the chloride concentration of the epithelial cells amounts to 41.5 mM, 
because a chloride concentration of 41.5 mM in the outer bathing solution 
results in zero reversal potential. 
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1.3. Purpose of our study 
As can be concluded from the preceeding review of the present knowledge 
of transport processes in the cornea, an extensive body of information has 
become available during the last decade. However, the information is not 
uniformly distributed over the total field of corneal physiology. Most stud-
ies bear relation to either the function of the rabbit corneal endothelium 
or the function of amphibian corneal epithelium. In view of this, the aim 
of this study has been fourfold: 
First, to obtain more insight in the basal mechanisms of transport pro-
cesses of rabbit corneal epithelium. 
Secondly, to find out whether transport processes of rabbit corneal epi-
thelium are able to influence corneal transparency. 
Thirdly, to combine the presented results and previous findings of other 
investigators into a model that describes the epithelial transport processes 
and their effects on rabbit corneal transparency. 
The basal mechanisms of epithelial transport processes depend in addition 
to other parameters, on the ionic permeabilities of the constituent membran-
es of this epithelium. In rabbit cornea no systematical researches have been 
made into the permeabilities of tear side and aqueous side of the epithelial 
cell membranes. In this study systematic ion substitution experiments under 
various experimental conditions have been used to obtain the relative per-
meabilities of tear side and aqueous side of rabbit corneal epithelium. 
Other parameters important for a better understanding of transport proces-
ses in rabbit cornea, are the active concentrations of sodium, potassium and 
chloride in the cellular compartment. There have been carried out several, 
rather indirect studies on this aspect of the physiology of rabbit corneal 
epithelium as mentioned in the preceeding paragraph. By means of ion selec-
tive electrodes we have succeeded in obtaining direct values of sodium, 
potassium and chloride activities in epithelial cells of the rabbit cornea. 
Indirect information on ion movements across the cell membranes of rabbit 
corneal epithelium has been obtained from changes in electrical potential 
and resistance values and specific activity of the Na-K-ATPase after temp-
erature changes. 
The final, but not least important aim of this study concerns the trans-
parency changes of rabbit cornea as a consequence of the transport proces-
ses of its lining cellular layers. Before these parameters can be related 
10 
together, it is necessary to consider three questions. How is the corneal 
transparency as such accomplished and maintained. Does a relationship exist 
between transparency and water content of rabbit cornea. Is our experimental 
approach suitable for measuring transparency changes depending on corneal 
transport processes. In Chapter 6 of this thesis these things will be looked 
at in more detail. 
Finally, we have studied the effect of stimulation of the sodium trans-
port of the corneal epithelium on corneal transmittance. 
These results were taken together to compose a model describing how the 
cornea maintains its transparency. 
11 
C H A P T E R 2 
MATERIALS AND METHODS 
In our experiments we used New Zealand white rabbits weighing 2-3 kg. The 
rabbits were k i l l e d by a blow on the neck followed by exsanguination. The 
eyes were enucleated and kept in a moist atmosphere at 4 С The cornea, i n ­
cluding a scleral r ing of 2 mm was excised taking care not to damage i t by 
w r i n k l i n g . Prior storage of the eyes for several hours did not influence the 
electrophysiological parameters of the cornea. 
2 . 1 . Ussing-type chamber for measuring i n t r a - and transcel lu lar potentials 
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Fi g.2.1 shows a schematic diagram of the Ussing-type chamber that was em­
ployed to measure intra- and transcellular potentials and resistances of the 
rabbit corneal epithelium. The chamber was adapted to fit the curvature of 
the cornea. The edges of the chamber were coated with silicone grease to 
improve sealing and to minimize edge damage. 
Transcorneal potential difference (p.d.) and resistance (R) were measured 
by means of a quadruple Ag/AgCl electrode system. Electrical contact between 
the bathing solutions and the Ag/AgCl electrodes was made by means of 3M 
KCl-filled microelectrodes with broken tips (diameter < 50 μ). Due to sche­
matizing, the p.d. measuring electrodes in Fig.2.1 are situated further from 
the corneal surface than they actually were. The distance between the elec­
trodes amounted to 2 mm. 
Liquid junction potentials between the experimental bathing solutions 
connected via 3 M KCl agar bridges never exceeded 1 mV. 
The p.d. measuring electrodes were connedted via high input impedance 
amplifiers (52K, Analog Devices) to a differential amplifier (52K, Analog 
Devices) and the signal was recorded with a pen-writer. 
The instantaneous R was determined by measuring the transcorneal voltage 
response to bipolar current pulses of 100 msec duration and a magnitude < 
2 
5 μΑ/cm . The contribution of polarization was corrected for by extrapolating 
the voltage response to time t=o (Augustus, 1978). Bipolar current pulses 
were obtained by introducing bipolar voltage pulses from a Tektronix pulse 
generator to a voltage controlled current source, using a 44 К amplifier 
(Analog Devices). The current pulse magnitude was measured by means of an 
amplifier (234L, Analog Devices) located in the ground return of the current 
loop. Current pulses and corresponding transcorneal voltage responses were 
monitored on a Tektronix storage oscilloscope. Pulses longer than 100 msec 
were obtained by means of applying a constant voltage to the voltage con­
trolled current source. The resulting current and corneal p.d. response were 
recorded with a pen-writer. Current-voltage (I/V) relationships were meas­
ured by varying the magnitude of the voltage pulses supplied to the voltage 
controlled current source. The measurement of an I/V relationship was com­
pleted within 6 min without affecting spontaneous transcorneal p.d. and R. 
The position of the micro-electrode was such that it could be lowered into 
the corneal epithelium perpendicularly by means of a micro-manipulator 
(Leitz). The electrical signal of the normal and ionselective micro-elec-
14 trodes were fed to a Keithley amplifier with a high input impedance (> 10 Ω). 
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The output of the Keithley amplifier and the signal of the p.d. measuring macro-
electrodes in the bathing solutions were fed to differential amplifiers (52K, 
Analog Devices). We obtained by this procedure values of epithelial potentials 
across the tear side (TS) and aqueous side (AS) membranes, when the micro-
electrode tip was situated in the epithelial cell interior. The AS and TS 
membrane potentials (ψρ .<- and ψ-,ς . resp) could be monitored on a pen-writer 
and on a storage oscilloscope (Tektronix). A schematic diagram of the ampli­
fier arrangement is given in Fig.2.1. In Fig.2.2 are summarized the 
abbreviations of the various potentials and resistances in the Thevemn 
equivalent circuit model of epithelium. 
Prior to entering the TS or AS compartment, the bathing solutions were 
led through coiled silastic tubing which was placed in an atmosphere of 95% 
О« and 5% C0 ?. The diffusion of 0- and C0 ? through the wall of the silastic 
tubing was sufficient to oxygenate the bathing solutions and to keep the 
required C0 ? pressure. The temperature of the bathing solutions was control­
led by coiling the silastic tubing over a metal tube which was internally 
perfused with water from a water bath such as to yield a temperature of 35 
С at the corneal surface. The temperature of the bathing solutions was 
measured by thermo-couples and registrated on a pen-recorder. 
The rate of perfusion of the TS and AS compartment of the chamber was 
1 ml/min in the ion substitution experiments. Changes in the composition of 











the bathing solutions were established wi th in 2 min, including the time nec-
essary for complete wash-out. In the microelectrode experiments the flow 
rate was 0.4 ml/min in order to minimize movement of the cornea. The bath-
ing solut ion was discarded af ter passing the TS or AS compartment. Changing 
from one bathing solution to another was effected by means of a system of 
taps and valves as schematically drawn in F ig .2 .1 . This procedure did not 
have any ef fect on corneal p.d. or R. The intraocular pressure was simulated 
by keeping the opening of the outflow tube at the required height, i . e . 
15 cm above the corneal surface. 
2.2. Ussing-type chamber for simultaneous measuring of corneal potential 
d i f ference, resistance and transparency 
A schematic diagram of the Ussing-type chamber that can be used for simul-
taneous measurement of corneal p .d . , R and transparency (T r ) , is shown in 
Fig. 2.3. The cornea is located between the two halves of the chamber that 
are adapted to f i t the curvature of the cornea. The edges of the chamber were 
again coated with s i l i con grease to improve sealing and to minimize edge 
damage. 
The p.d. was measured using two 3M KCl agar bridges leading to Ag/AgCl 
electrodes. The e lec t r ica l signals of the electrodes were fed to a d i f f e r -
Schemctflc dU.a.Qfiam U{¡ thz Uii-mg typz скатЬел {¡о*. i^muLtanzoaoly meaòu/u.ng 
сол.пеа£ potzntiaZ dLifáztizncz, fLuZitanct and tAAn&pctAtncy. Fd ^илХкгп. 
de-touLi ice. tzxt. 
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ential amplifier (52K, Analog Devices) and monitored on a Tektronix storage 
oscilloscope and a pen-recorder. The corneal R was measured by passing short 
(bipolar, 100 msec) or long (up to 1 min) current pulses through the cornea 
via Ag/AgCl plate electrodes. The consequent voltage changes across the 
corneal tissue were monitored on an oscilloscope and a pen-recorder. The 
current pulses were obtained via a voltage dependent current source and were 
measured with an amplifier (234L, Analog Devices) in the ground return of 
the current loop. 
The light-pathway is shown in Fig.2.4. Light emitted by a tungsten lamp 
was passed through a monochromator (Beekman G.2400 Spektral fotometer) to 
obtain a beam of the required wavelength usually between 450 and 750 nm). 
The light beam was split by quartz fibre optics and used in a dual beam 
transparency measuring device, in order to prevent interference of changes 
16 
in light intensity of the lamp. Cadmium sulfide cells (RPY 58A, Philips) 
were used to measure light intensity and a divider (434B, Analog Devices) 
was used to calculate transparency. The transparency was set to 100% when 
there was no cornea in the Ussing chamber. Because of the difference in 
transparency of the two light pathways for various wavelengths, the re-
lationship between Tr and wavelength had to be tested before and after each 
experiment. 
The temperature at tear side and aqueous side could be controlled inde-
pendently by means of Peltier elements at the back side of the Ussing cham-
ber. The Peltier elements were regulated by electrical control units essen-
tially the same as those described by Augustus and Cuperus (1977). Unless 
otherwise stated the chamber temperature was kept at 35 C. The required 
oxygen- and C02-pressures were obtained by passing 0? and C0? through si-
lastic tubing coiled in the bathing solution. The interference of air bub-
bles in the measurement of corneal transparency was minimized by lowering 
the surface tension by the addition of pluronic F108 (BASF), 0.25 g/1, 
resulting in a colloid osmotic pressure of 0.07 kPa (0.5 mmHg). The intra-
ocular pressure was established by adjusting the atmospheric pressure in the 
air-tight AS compartment with a syringe. Stirring was accomplished by means 
of magnetic stirrers. 
2.3. Bathing solutions and applied drugs 
Two basic types of bathing solutions have been used. Bathing solution 1 
containing a bicarbonate buffer system. Bathing solution 2 containing a 
phosphate buffer system. The composition of bathing solution 1 (in mM) was: 
NaCl (110), NaHC03 (39), KHC03 (3.8), KH2P04 (1.0), CaCl2 (1.5), MgS04.7H20 
(1.0), glucose (25). In later experiments the NaHC03 concentration was re-
duced to 21.2 by substitution with Na„S0., which did not affect the measured 
parameters. The composition of bathing solution 2 (in mM) was: NaCl (110), 
KCl (3.8), KH2P04 (1.0), Na2HP04 (4.2), Na2S04 (16), CaCl2(1.5), MgS04.7H20 
(1.0), glucose (25). 
Except for the experiments described in Chapter 4, adenosine (5), reduced 
glutathione (1.0) and L-ascorbic acid (1.5) were added to bathing solution 
1 just prior to the experiment. 
Changes in the ion-composition of the bathing solutions were established 
on an equimolar basis, except for sulphate which was substituted for chlo-
ride, such that the total amount of negative charges remained unchanged. 
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Ion activity coefficients of the bathing solutions were obtained from 
Robinson and Stokes (1970). The osmolality of the bathing solutions was meas­
ured with an Advanced Osmometer and adjusted to 310 mOsm (+ 1%) by adding 
mannitol. The bathing solutions were adjusted to pH = 7.4 prior to each ex­
periment. 
The following drugs have been used: Adrenaline tartrate (Boehringer), 
ami lori de (Merck, Sharp and Dohme), amphotericin В (Fungizone, squibb), furo-
semide (Lasix, Hoechst AG), ouabain (g-Strophantin, Merck) and propranolol 
(Inderal, ICI). All other chemicals used were of the highest commercially 
obtainable purity. 
2.4. Measurement of corneal hydration 
The hydration of the cornea was calculated as the ratio of water content 
to dry weight of a punched-out plug of the cornea. Wet weight was determined 
after gently blotting the corneal plug on the filter paper. Dry weight was 
obtained after heating at 95 0C for 24 hrs. 
2.5. Measurement of the Na-K-ATPase activity of corneal epithelium 
Immediately after enucleation, the eye was rinsed with a 300 mM mannitol 
solution and the epithelial layer of the cornea was scraped off and stored at 
-80 0C. After collection of a sufficient amount of tissue the frozen dried 
tissue was homogenized in twice distilled water in an all glass Potter-
Elvehjem tissue grinder (2 mg dry weight/ml). 
Na-K stimulated Mg dependent ATPase activity was assayed according to the 
method of Bonting and Caravaggio (1963) using medium A containing 100 mM 
Tris/H2S04, 2 mM MgS0 4, 5 mM K 2S0 4, 30 mM Na 2S0 4, 0.1 mM EDTA and 2 mM ATP 
and medium E which is comparable to medium A except for the absence of K2S04 
and the presence of 1 mg/ml ouabain. The difference in ATPase activity be­
tween medium A and medium E represents the Na-K-ATPase activity. Enzyme ac­
tivities are expressed as mol inorganic phosphate liberated per kg dry weight 
per hour. 
2.6. Construction and selectivity of ion-selective microelectrodes 
Boro-silicate glass tubing (1 mm outer diameter) with an inner filament 
(Clark electromedical instruments) was used to make microelectrodes with a 
tip opening of less than 0.7 μ diameter. The microelectrodes were prepared 
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using a Narishige horizontal electrode pu l le r . Microelectrode t i p resistances 
amounted to 45 Ш with a f i l l i n g solution containing 150 mM KCl. In th is case 
the t i p potential was less than 3 mV. The t i p of dry microelectrodes was 
dipped into a s i l i c o n i z i n g f l u i d for 15 sec to allow th is f l u i d to enter the 
t i p . Subsequently the s i l icone was baked onto the glass in an oven at 150 
С for 90 min. The s i l iconized microelectrodes could be stored in a dry at­
mosphere. Prior to the experiments the s i l iconized microelectrodes were i n ­
jected from the rear with a small volume of l i q u i d ion exchange solut ion for 
sodium (Clark electromedical instruments) potassium or chloride (Corning 
S c i e n t i f i c Instruments 477317 and 477315 respect ively). This ion exchange 
solut ion entered the t i p of the microelectrode by capi l lary force dr iv ing 
out the a i r . Subsequently, the microelectrode was f i l l e d with 0.1 M KCl in 
the case of а К selective and CI selective microelectrode and with 0.1 M 
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NaCl in the case of a Na selective microelectrode. 
A schematic view of the ion selective microelectrode is given in Fig.2.5. 
I t was placed in a l u c i t e electrode holder containing an Ag/AgCl electrode. 
The microelectrodes were tested for i o n - s e l e c t i v i t y by measuring the elec­
t r i c a l signal of the electrode in test solutions with various concentrations 
of the ion concerned. One of the test solutions for each ion-selective micro­
electrode also contained a high concentration of the ion which was most l i k e ­
ly to i n t e r f e r e . Table 2.1 shows the test solutions used. 
The ion a c t i v i t i e s were calculated by the method of Robinson and Stokes 
(1970). The e l e c t r i c a l response of e.g. the CI ion-selective microelectrode 
is described by 
EC1 = E o + S l 0 9 aCl ( ^ 
where E is a constant independent of a -^, but depending on other experimental 
condit ions, S is the change in electrode potent ial for a ten-fold change in 
CI a c t i v i t y . In the presence of an i n t e r f e r i n g ion (e.g. HCO,) in the c a l i ­
bration s o l u t i o n , equation (1) expands to 
E C1 = E o + s 1 0 9 ( a ci + к-ансОз) W 
where к is the selectivity constant, indicating the selectivity of HCO, over 
CI. Combination of equations (1) and (2) and calculation of the ion activ­
ities then yields the selectivity constant k. 
2.7. Statistics 
The mean value of a parameter is always given with the standard error of 
the mean (SEM). Statistical analysis of the difference between two mean val­
ues was normally carried out using Student's t-test. Calculation of the con­
fidence limits of a linear relationship between two parameters was carried 
out according to Snedecor and Cochran (1968). 
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C H A P T E R 3 
INFLUENCE OF IONS, OUABAIN, PROPRANOLOL AND AMILORIDE ON THE TRANSEPITHELIAL 
POTENTIAL DIFFERENCE AND RESISTANCE OF RABBIT CORNEA 
3.1. Introduction 
The degree of hydration of rabbit cornea and thereby its transparency is 
dependent on the proper function of endothelium (Mishima and Kudo, 1967; 
Maurice, 1972; Fischbarg and Lim 1974) as well as of the epithelium (Riley, 
1971; Klyce, 1975). The epithelium is the structure where most of the trans-
corneal potential difference (p.d.) and resistance (R) are located (Klyce, 
1972; Ehlers, 1973; Candia et al., 1974). This layer is known to transport 
actively Na from the tear side (TS) towards the aqueous side (AS) (Donn et 
al., 1959; Klyce, 1975; Van der Heyden et al., 1975) and Cl from AS to TS 
(Klyce et al., 1973; Klyce, 1975; Van der Heyden et al., 1975). The con­
tribution of the endothelium to p.d. and R is of minor importance. According 
to most authors the endothelium transports sodium bicarbonate (Fischbarg and 
Lim, 1974; Hodson and Miller, 1976). In order to obtain the ion-selectivities 
of the different constituent membranes of the corneal epithelium several 
authors have carried out microelectrode as well as ion substitution exper­
iments in frog (Akaike, 1971) and rabbit (Akaike and Hori, 1970; Fee and 
Edelhauser, 1970). The results of these studies suggest а К and CI selectiv­
ity of the basal cells. Frog transcorneal p.d. and R both declined with in­
creasing К activity at the AS, while basal cells of frog corneal epithelium 
showed a K- and Cl-electrode behaviour (Graves et al., 1975; 1976). In cattle 
corneal epithelium lowering TS Na-activity decreased p.d. and increased R 
(Lindemann, 1968). Although currently many students of corneal physiology 
use rabbit cornea, no systematic measurements of ion selectivities are known 
to exist for this tissue. In order to characterize the properties of rabbit 
corneal epithelium, we have studied p.d. and R dependence on Na, К and CI 
activities on both sides of the membrane. 
3.2. Effect of intraocular pressure 
The potential differences and resistances are measured in bathing solution 
1, after p.d. and R had stabilized at a pressure gradient of 15 cm H 70 (1.5 
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kPa), AS positive. Within 30 min p.d. became 27.3 + 1.5 mV (TS negative) and 
2 — 
R 3.4 + 0.3 k.2cm (mean + S.E.N., n=20). Incubating the cornea from the be­
ginning without a pressure gradient gives statistically the same p.d. and R 
values. 
The reason why a pressure drop is used in the presented experiments is 
because it simulates the physiological situation. Lowering the pressure 
gradient, after reaching stabilization, resulted in a reversibly lower value 
for the p.d. as well as R. This effect cannot be attributed to a diminished 
streaming potential, because lowering the temperature to 0 0C reduced the 
p.d. to zero in the absence or presence of a pressure gradient. 
In case of a streaming potential one would expect to find only a drop corres­
ponding with the RT/F term of the Nernst equation. The reversible changes 
observed on lowering the pressure cannot be explained at present. A lack of 
sealing may be the reason. These findings indicate that once the cornea has 
stabilized the pressure gradient cannot be altered freely without effects 
on p.d. and R. Increasing the pressure gradient above 20 cm H„0 at the AS 
caused irreversible drops of p.d. and R. In general these findings confirm 
the results of Ehlers and Ehlers (1968). The irreversible changes intro­
duced at higher pressure are probably due to edge damage effects. 
3.3. Aqueous side ion substitution 
Figure 3.1 shows the results of equimolar substitution of К for Na at the 
AS of the cornea. Increasing the К activity produces 25 mV depolarization 
per decade of the transcorneal p.d. The decrease in p.d. is accompanied by 
a decrease in R from 3.5 + 0.4 to 2.2 + 0.2 кйст at a potassium activity 
of 89 mM as is also shown in Fig.3.1. After changing the К activity a steady 
state value of p.d. and R was reached within 8 min, due to diffusive effects 
in the stromal layer as mentioned also by Graves et al. (1975) in frog cor­
nea. Substituting choline for Na did not significantly alter p.d. or R. 
However, lowering the Na-activity at the AS by substituting tetraethyl 
ammonium (TEA) for Na, produced a reversible depolarization of 7.5 mV/dec, 
while R did not increase. The depolarization leveled off between 40 and 20 
mM Na at the AS. 
2-
Complete substitution of SO. for CI on the AS produced an instanta­
neous depolarization of 7 mV, without change in R for over a period of 15 
min. The same p.d. was obtained in case the epithelium and/or the endo-
23 
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thelium had been removed by scraping, with or without a pressure gradient. 
In symmetrical CI or SO, conditions with or without a pressure gradient 
zero p.d. was obtained when the epithelium had been scraped o f f . 
3.4. Tear side ion subst i tut ion 
Increase in K-act iv i ty at the TS (Na substituted) gave a response in p.d. 
and R as shown in Fig.3.2. Below 28 mM К there is no s i g n i f i c a n t change in 
p.d. and only a small decrease in R. Above 28 mM К a hyperpol ari zation of 
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transcorneal p.d. of 11 mV/decade existed with a simultaneous decrease in R 
from 2.6 + 0.2 kñcm2 to 1.6 + 0.2 kncm2 (n=6) at 89 mM К activity. When Na 
in the TS solution was replaced by choline or TEA, depolarizations of 15 and 
21 mV/decade were measured, respectively. At the same time R increased. 
However, the increase in R produced by Na/TEA substitution was greater than 
in the case of Na/choline substitution, i.e. a decrease in Na activity to 
32 mM gave an increase in R to 150 and 120% of the original value respec­
tively. Figure 3.3 shows the effect of Na/TEA substitution at the TS on the 
p.d. and R. The combined effect of Na and К on the p.d. in the TS Na/K 
25 
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s u b s t i t u t i o n ( v i d e supra) i s shown i n F i g . 3 . 4 . Above 28 mM К a p . d . change 
o f 29 mV/decade was e s t i m a t e d . In an a d d i t i o n a l experiment w i t h a potassium 
a c t i v i t y o f 32 mM and Na s u b s t i t u t e d by TEA, equimolar s u b s t i t u t i o n o f К 
f o r TEA gave a hyperpol a r i z a t i o n o f 21 mV/decade. 
SO- f o r CI s u b s t i t u t i o n gave r i s e t o a t r a n s i e n t h y p e r p o l a r i z a t i o n 
accompanied by an increase i n R. The h y p e r p o l a r i z a t i o n reached a p l a t e a u 
i n 2 min. This p l a t e a u value was p l o t t e d a g a i n s t the CI a c t i v i t y ( F i g . 3 . 5 ) . 
At high CI a c t i v i t y a change o f p . d . o f 25 mV/decade was measured. The f a l l 
i n p . d . a f t e r the i n i t i a l h y p e r p o l a r i z a t i o n had a t , o f 2.7 min and s t a r t e d 
a few minutes a f t e r reaching the p l a t e a u . Decreasing the CI a c t i v i t y t o 3 
mM, R increased t o 6.5 + 0.7 kern (n=7) and p . d . increased t o 45.0 + 3.0 mV 
TS n e g a t i v e (n=7, c f F i g . 3 . 5 ) . 
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3.5. Ouabain incubation and the e f f e c t of subsequent ion subst i tut ion 
Addition of ouabain to the AS resulted in a biphasic e f f e c t on the p.d. 
-3 -4 
and R of corneal epithel ium. Typical examples for 10 M and 10 M ouabain 
-3 -4 
are shown in Fig.3.6. The value of p.d. and R during 10 M and 10 M ouabain 
incubation in the two phases did not d i f f e r s i g n i f i c a n t l y and were therefore 
taken together. At f i r s t , there was a s i g n i f i c a n t decrease in p.d. from 
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Ct /SO, iubititution. Вал indiccutu S.E. of, the. mean, η = питЬел o¡$ ob-
іг.х аЛхопл. 
29.9 + 2.4 t o 22.9 + 2.1 mV (ρ < 0.05) and a small non s i g n i f i c a n t increase 
? 
i n R from 3.7 + 0.4 t o 4.0 + 0.3 ki;cm ( n = 9 ) . Secondly, p . d . as w e l l as R 
decreased s i g n i f i c a n t l y . P.d. f e l l t o 14.4 + 1.7 mV (p < 0.01) and R t o 
1.3 + 0 . 1 kpcm (n=9) (p < 0 . 0 0 5 ) . The same e f f e c t s were seen when ouabain 
was a p p l i e d a t the TS and AS or when the endothel ium was removed. The dura-
_3 
t i o n o f the p . d . and R change due t o 10 M ouabain was 1 8 + 1 min (n=5) f o r 
the f i r s t phase and 1 3 + 2 min (n=5) t o a new s t e a d y - s t a t e i n the second 
phase. At ΙΟ" M ouabain these values were 3 5 + 5 min (n=4) and 3 2 + 7 min 
( n = 4 ) , r e s p e c t i v e l y . 
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A rather interest ing phenomenon was observed in the measurement of R. 
Fig.3.7 shows the voltage response of the cornea as the resul t of a bipolar 
current pulse. As can be seen in the control condition ( i . e . bathing solu­
t ion 1) there was hardly any polar izat ion present. After ouabain incubation, 
however, a surpr is ingly large polar izat ion was present. The value extra­
polated to time zero has been taken to calculate the transcorneal resistance 
(cf Ch. 2.1). When a longer current pulse (up to 1 min) was used and the 
t o t a l voltage response of the cornea including polar izat ion due to the ap­
pl ied current was teken into account, no s i g n i f i c a n t deviation in R during 
ouabain incubation from that during control condition could be found. 
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-3 
In the second phase steady-state (10 M ouabain) equimolar К substitution 
for Na at the AS caused the changes in p.d. and R shown in Fig.3.8. Increas­
ing the К activity resulted in a depolarization of 16 mV/decade for a potas-
sion activity < 25 mM and of 28 mV/decade for a potassium activity > 25 mM. 
At the same time there was a more pronounced drop in R at higher potassium 
activities. Neither TEA nor choline substitution for Na at the AS produced 
a change in p.d. or R. Replacing Na by TEA or choline had no effect on p.d. 
and R. SO» for CI substitution did produce the same effect as before 
addition of ouabain, i.e. an instantaneous depolarization of 7 mV in the case 
of a decrease in CI activity from 89 to 3 mM at the AS. 
Replacing Na by either К or TEA at the TS had no effect on the p.d. or R. 
Changing CI for SO- at the TS gave a transient hyperpolarization and a 
simultaneous increase in R with essentially the same time course as before 
the addition of ouabain. The results are combined in Fig.3.9. At a CI activ-
2 
ity of 3 mM p.d. increased to 51.0 + 3.0 mV and R to 5.2 + 0.3 каст (n=5). 
At high CI activity a hyperpolarization of 54 mV/decade existed. 
RD.(mV)T.S.neg. 
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1 
COUWLOJL p.d. (0—0, mV, TS mgaJU-ve.) and R ( · — · , kaam ) by m&ani o¡$ C¿ / 
SO. iubititwtion, η = пшлЬел o ¡J obizívationA. 
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Table 3.7 




48.2 + 11.8 
(9) 
32.5 + 7.7 
(9) 
propranolol 
92.7 + 5.4 
(7) 
104 4 + 8 . 3 
(7) 
propranolol + ouabain 
48.0 + 4.7 
(7) 
113.0 + 11.5 
(7) 
% of original value of p.d. and R after ouabain (10 M, AS),propranolol 
-5 10 M, TS) and ouabain + propranolol in steady state. Mean + S.E.M. Number 
of observations in parenthesis. 
3.6. Ouabain incubation and the effect of propranolol and ami Tonde 
It is known from literature (Van Breemen et al., 1979) that ouabain may 
release epinephrine from sympathetic nerve endings. For this reason we stud­
ied the effects of exogenous epinephrine and the effect of 3-blockers (pro-
-5 pranolol) on corneal epithelium. 20 minutes TS pre-incubation with 10 M 
propranolol was followed by incubation with ouabain (10 M) at AS, while 
propranolol remained at the TS. The effects of propranolol and ouabain 
under these circumstances are compared with the effect of ouabain alone in 
table 3.1. The results are expressed in percentages of the original value. 
The effects of propranolol are not significantly different from the control 
values. Ouabain alone or ouabain plus propranolol decreased the original 
p.d. to 48%. However, propranolol and ouabain together increased R by 13%, 
while ouabain alone decreased R by 67.5%. This difference was significant 
(p < 0.005). Furthermore, the biphasic decrease in p.d. after ouabain chang­
ed to a single exponential decrease with propranolol pre-incubation t1 be­
ing 15 m m . 
When corneal p.d. and R were lowered due to ouabain incubation, subse­
quent propranolol addition restored R to its original value (i.e. the value 
measured before ouabain incubation) within two m m . It is interesting that 
the polarization of the voltage response due to an applied current pulse 
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Table 3.2 
C¡$¡$ect4 о/! amofoU-de он ty'iaincoiwaZ p.d. and R. 
control ami l o r i de 
p.d. 29.1 + 2.7 22.6 + 1.5 
W (4) 
R 3.5 + 0.6 4.8 + 0.8 
(4) (4) 
-4 Effect of TS amiloride (5 χ 10 M) on transcorneal p.d. (in mV) and R (in 
2 
клш ). Mean + S.E.M. Number of observations in parentheses. 
observed during ouabain incubation (cf Fig.3.7) disappeared after propranolol 
addition. Furthermore, it was observed that addition of epinephrine (10 M) 
to the TS gave a polarization of the voltage response to an imposed current 
pulse quite similar to that obtained during ouabain incubation. The value of 
R measured after addition of epinephrine or during ouabain incubation in the 
second phase, was not significantly different. Moreover, a similar polari­
zation effect could be observed. Propranolol restored R after its decrease 
due to epinephrine. 
-4 
The results of addition of 5 χ 10 M amiloride at the TS are summarized 
in table 3.2. In each experiment p.d. depolarized and R increased reversibly. 
The mean p.d. drop in four experiments ranged from 29.1 + 2.7 mV to 22.6 + 
2 
1.5 mV (n=4). R changed in these experiments from 3.5 + 0.6 kf:cm to 4.8 
2 
+ 0.8 каст (n=4). Both differences being significantly different (p < 0.05) 
using paired analysis. 
3.7. Current-voltage relationships of corneal epithelium before and after 
ouabain 
In Fig.3.10 the current-voltage relationships (I/V plots) before and after 
ouabain are shown. In normal conditions, i.e. CI Ringer, the epithelium 
appears to have rectifying properties. Hyperpolarizing currents gave rise to 
smaller p.d. responses than depolarizing currents. Consequently, in hyper-
2 2 
polarizing direction (for I > 20 uA/cm ) R amounts to 2.2 kQcm , and in 
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Fig. ЗЛО 
Cixnjizïvt voZtagz JizZationakipi wh<¿n Cl пл-пдолл [....) on. SO. кіпделл ( ) 
алг bathing the. coima oí whin AS OLLabcUn ¿i added, Ci г іпдм. bathing the 
cofima ( — J. SpontamoLLi tn.anicoine.aZ p.d. amounted to 25 (n=4), 50 (n=3) 
and J6 (n=3) ml/ л.гір. TS negative. 
2 
Abiciiia: impoied cuJVient in μΑ on ; cidinate: KeiuZting potential, change, 
Ap.d. in ml/. 
depolarizing direction to 5.3 kncm . In the I/V relationship three almost 
linear parts can be observed, i.e. for large de- and hyperpolarizing cur-
2 2 
rents and the region between 10 μΑ/cm depolarizing and 10 μΑ/cm hyper-
2 
polarizing. Breaking points are found at -38 mV/-12 μΑ/cm and +44 mV/+14 
2 
-A/cm . In symmetrical SO- ringer the rectifying properties have disappear-
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ed and only for I larger than 30 μΑ/αη symmetrical deflections take place 
with R becoming smaller. In the presence of ouabain there are no rectifying 
2 
properties either. Only at high depolarizing current (I > 40 uA/cm ) an in­
crease in R is found. At the end of the first phase after ouabain addition 
the same I/V relationship is obtained as before ouabain incubation. 
When propranolol (TS) or propranolol (TS) and ouabain (AS) together or 
amiloride (TS) are added to the bathing solution the same rectifying prop­
erties exist as before addition of these substances. 
3.8. Discussion 
The ion substitution experiments clearly indicate different ionic selec-
tivities of the limiting membranes at the AS and TS, i.e. the serosal and 
mucosal side of the corneal epithelium respectively. The AS exhibits a pas­
sive К permeability only, as can be deduced from the fall in p.d. and R after 
increasing К activity at the AS. A passive Na selectivity at the AS could 
not be detected as is shown by the cholin for Na substitution. Furthermore, 
the lack of a significant change in R after lowering the Na-activity at the 
AS also excludes a Na permeability at the AS. The small decrease in p.d. 
after TEA for Na substitution could be explained by the inhibiting effect 
of TEA on Na-K-ATPase as described in red blood cells (Sachs and Conrad, 
1968). In support, the change in p.d. and R is absent after ouabain. Another 
explanation might be the inhibiting effect of TEA on the potassium permea­
bility as reported by Henquin (1979) for pancreatic islet cells. 
Another possibility for the small p.d. change after lowering the Na-activ­
ity at the AS may be the interference of Na with a NaCl coupled entry mech­
anism at that side of the epithelium. This mechanism will be the subject of 
further investigation in Chapter 4. 
A Cl-permeability at the AS could not be detected. During 15 min no change 
in R was observed. The p.d. change after SO· substitution was not due to 
the permeability of one of the constituent membranes, because the same p.d. 
change took place even after the removal of epithelium or endothelium. The 
p.d. change could originate in the liquid junction between the AS and TS 
bathing solution separated by a stromal layer acting as a porous plug. In 
support of this is the observation of Van 0s and Siegers (1975) that a p.d. 
of 8.5 mV is developed when a 4 mM CI + 48.8 mM SO. solution is connected 
via a 109 mM CI agar bridge to a 109 mM CI solution. The changes in p.d. and 
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R after SO« for Cl substitution are not in accordance with the finding of 
Klyce and Wong (1977), who found a small hyperpolarization (1 mV) and an in­
crease in R after 100 min, possibly due to cellular CI loss. Teleologically, 
any passive CI permeability at the AS, where the uphill CI pumping mechanism 
is located (Klyce et al., 1977), would not be very efficient in transporting 
CI from AS to TS. 
A Na activity decrease at TS induced p.d. and R changes, which suggest 
a Na permeability of the TS membrane. In the same way a К permeability can 
be attributed to the TS membrane. However, the permeability does exist only 
for К activities greater than 28 mM. This might be due to induction of per­
meability or to a competitive effect at the Na channels. 
The p.d. and R changes after SO. for Cl-substitution indicate a CI 
permeability of the TS membranes of the epithelium. Other arguments for a 
CI selectivity of the TS are found in the I/V relationships. As soon as CI 
was substituted by SO. symmetrically a change in the I/V plot occurred. 
This can be explained by assuming rectifying transport pathways as describ­
ed by several authors for the Na transport pathways in renal collecting 
tubules (Helman and Fischer, 1977) and for CI conductance in toad skin (Bruus 
et al., 1976; Hviid Larsen and Kristensen, 1978; Kristensen and Hviid Larsen, 
1978). In toad skin hyperpolarizing currents increase the CI conductance. In 
SO. conditions the rectifying CI conductance of the membranes cannot inter­
fere with the current induced p.d. changes. As a consequence a linear I/V 
relationship is obtained. Rectifying properties in the corneal epithelium 
were also reported by Klyce (1972) in CI ringers. In contrast to his find­
ings we found for small depolarizing and hyperpolarizing currents almost 
linear parts in the I/V plot. In SO. Ringer a linear I/V plot was also ob­
tained. These discrepancies may be explained by the extrapolation procedures 
as mentioned in section 2.1. Klyce (1972) also proposed a CI interference in 
the rectifying properties of the cornea. 
From the results of the ion substitution experiments the Na, К and CI 
resistances of the TS and AS membranes can be estimated. In first instance, 
the influence of a possible extracellular shunt-resistance (R ) is neglected 
(R = «>). The high R value of the epithelium supports this assumption. Fur­
thermore, no HCOn permeability is present in rabbit corneal epithelium as 
suggested by several authors (Ehlers, 1973; Klyce et al., 1973). In the epi­
thelium a CI resistance (R
c
-i) exists parallel to a Na resistance (RN ) at 
the TS and at the AS a К resistance (R,,) is present in series with the 
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former resistances. Figure 3.10 indicates a voltage independent R in SO. 
conditions. Due to the absence of Cl Rp·, does not contribute to the total 
resistance, which consequently consists of (R.. + R..). In the presence of 
CI the total R is given by (l/RNa + V R ^ ) " + RK- Extrapolation to zero Na 
activity in the TEA or choline for Na substitution experiments leads to a 
value of total R consisting of (Rj, + R
c
-|)- The value of (RK + R r l) is also 
valid for the amiloride experiments, because amiloride blocks the Na per­
meability. Indeed (RK + R.,) obtained from ion substitution experiments, 
4.5 + 0.6 kQcm (n=6), does not differ significantly from the value obtain-
2 
ed from the amiloride experiments, 4.8 + 0.8 kQcm (n=4). 





 + \ = 3.4 каст2 (2) 
(RK + R c l) = 4.6 kiîcm2 (3) 
In open circuit conditions the values of R^ , , R-, at the TS and Rj. at the 
AS can be calculated to be 5.1, 3.2 and 1.5 k^cm?, respectively. The ratio 
of the TS resistance to the total R, i.e. R-rc/RfQ*-» amounts to 0.57 and is 
almost identical with the value of 0.60 published by Klyce (1973). The 
permeability ratio for Na and CI, ΡΜ,/ΡΓΊ = 0 · 6 2 ^5 i" accordance with the 
value P N /Pr-, = 0.61 found for total epithelium by means of tracer flux ex­
periments (Klyce, 1975). 
In the calculation of Рм
а
/ргі it has been assumed that the translocation 
of Na and CI across the AS membranes was no limiting factor for the total 
Na and CI permeability. In the case a shunt resistance is present, the cal­
culation of RN , Rp-, and R|. becomes more complicated. However, an important 
property of the shunt resistance, and the tight junction component in par­
ticular, is its selectivity. The lack of p.d. and R response after CI sub­
stitutions at the AS and the lack of p.d. and R changes due to Na and К 
changes after ouabain point to a non-selective tight junction. 
Further information about the permeability of the epithelial membranes 
can be obtained by means of the experiments with ouabain incubation and sub­
sequent ion substitution. Ouabain gave rise to a two-phase step in p.d. de­
crease, accompanied by a small increase in R in the first phase and a great 
decrease in the second phase. The remaining potential after ouabain incuba-
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tion is probably the result of residual transport processes independent of 
Na-K-ATPase (e.g. Cl-transport), but dependent on active cell metabolism as 
corroborated by the reduction of the p.d. to zero after cooling. 
Another possibility which will be discussed in more detail in section 5.6 
of this thesis, would be that the ion gradients across the epithelial cell 
membranes cannot dissipate. 
There are two possible explanations for the first phase increase in R. 
First, the inhibition of Na-K-ATPase by ouabain causes a rise in the cellular 
Na activity (Handler et al., 1972), which leads through a negative feedback 
mechanism consisting of a decrease in permeable Na channels, to a decrease 
of the Na permeability and subsequently an increase in R (Hviid Larsen, 1973; 
Lewis and Diamond, 1976). The decrease in Na permeability is suggested by 
the absence of changes in p.d. and R due to Na activity changes after ouabain. 
Moreover, the existence of specific Na sites in this tissue is corroborated 
by the amiloride induced increase in R (cf Table 3.2). Alternatively, in­
hibition of Na-K-ATPase could cause cell swelling (Eggena, 1977) and by this 
mechanism narrow the intercellular spaces, which could reduce the shunting 
effect of the paraceliular pathway. 
The first phase drop in potential can be explained by the dissipation of 
the Na and К gradients across the TS and AS membranes or a change in the 
ratio of Na and CI permeabilities of the TS membranes. Lewis et al. (1976) 
suggested that the second phase drop in R is caused by cell lysis. Histo­
logical examination of corneal epithelium incubated in ouabain refuted this 
suggestion (Dr. Eling, unpublished observations). The drop in R can be ex­
plained by means of the ion substitution experiments, in particular SO. 
for CI substitution before and after ouabain in the TS solution. The change 
in p.d. after ouabain, being about twice the change before ouabain, indicat­
es a more pronounced CI permeability of the TS membrane. The increase in CI 
permeability is compatible with the experiments on frog cornea (Candia, 
1972; Candia et al., 1974), where ouabain induced an increase in the CI flux 
from TS to AS and a transient increase in the CI flux from AS to TS followed 
by a decrease, possibly mediated by the inhibition of the Na transport. 
An additional argument for an increase in CI permeability was derived 
from experiments, where the cornea was first treated with propranolol. In 
frog cornea this substance inhibits the stimulating effect of epinephrine 
on CI fluxes (Montoreano et al., 1976). In rabbit cornea propranolol in­
hibited the CI permeability increase after ouabain, as can be concluded 
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from the small increase in R. In contrast to the remark of Klyce (1975) 
that dissection of the cornea eliminates the corneal adrenergic fibers as a 
source of adenylate cyclase stimulants, we assume that ouabain incubation 
liberates adrenaline from the nerve fibers in the cornea. A similar phenom-
enon has been described in a review by Van Breemen et al. (1979) for mam-
malian smooth muscle. Van Breemen et al. (1979) also argue that the effects 
of released catecholamines can be reversed by adrenergic antagonists. 
Furthermore, the I/V-relationships before ouabain and after ouabain plus 
propranolol do not differ markedly. The I/V relationship after ouabain is 
linear again, although the bathing medium contains Cl. A probable explana-
tion is the introduction of a non-rectifying CI conductance neutralizing 
the rectifying effect of the other, or more simply a loss of the rectify-
ing properties of the CI conductance due to ouabain incubation. 
Any rectifying influence of the Na transport pathways after inhibition 
of the Na-K-ATPase may be neglected. The unchanged rectifying properties of 
the cornea after amiloride point at a voltage independency of the Na chan-
nels also. 
Further experiments using micro-electrodes have to be performed in order 
to obtain the intracellular p.d. and ion activities in different experimen-
tal conditions. This would allow to complete a model of corneal epithelium 
that describes the ionic selectivities of the different membranes and their 
transport properties. 
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C H A P T E R 4 
THE DETERMINATION OF Na, К AND CI ACTIVITIES IN RABBIT CORNEAL EPITHELIUM 
WITH ION SELECTIVE MICROELECTRODES 
4.1. Introduction 
The important role of Na-K-ATPase in epithelial Na transport is indicated 
by the inhibition of active Na transport during ouabain incubation of am­
phibian (Candia, 1974) and rabbit (cf Chapter 7) cornea. The role of active 
epithelial Na transport in maintaining corneal transparency is still a mat­
ter of dispute. The active CI transport process in amphibian corneal epi­
thelium contributes to the maintenance of corneal transparency (Zadunaisky, 
1971b). The same has been found for CI transport of rabbit corneal epithelium 
(Klyce, 1975). 
The process of active CI transport in amphibian corneal epithelium was 
described to be dependent on Na at the AS (= serosal side) of the epithelium 
(Zadunaisky, 1966; 1972). Frizzell et al. (1979) proposed a general model of 
active CI transport, which consists of an uphill entry of CI into the cells 
energized by a downhill entry of Na across the same membrane. This entry 
step would take place via a neutral NaCl cotransport mechanism, which is 
inhibited by furosemide. Candia (1973) has indicated that furosemide is able 
to inhibit net active CI transport in amphibian corneal epithelium. This 
finding led Frizzell et al. (1979) to the conclusion that in amphibian cor­
neal epithelium also a NaCl cotransport mechanism was located. 
In CI absorbing epithelia like rabbit gallbladder (Duffey et al., 1978a) 
and the intestinal epithelium of the winter flounder (Duffey et al., 1979), 
the measured CI activity exceeded the CI activity, predicted for passive CI 
distribution across the apical membrane by a factor of 2.3 and 3.4, respec­
tively. A similar excess of CI has been described in preliminary reports for 
CI secreting epithelia (Duffey et al., 1978b) in the rectal gland of Squalus 
acanthias and by Zadunaisky et al. (1979) in the bullfrog corneal epithelium. 
The problem is that the Na activity in the basal cells of the amphibian 
corneal epithelium has not been determined. Thus, it is not known whether 
the Na gradient across the AS membrane of the epithelium is sufficient to 
energize the uphill CI movement into the cells. 
40 
For rabbit cornea only an indirect determination of the CI concentration 
of the epithelial cells has been made by Klyce and Wong (1977). At a CI con­
centration of 41.5 mM in the TS bathing fluid, a zero reversal potential of 
the TS membrane was found following adrenaline addition, which increases the 
CI permeability of that membrane. Klyce and Wong (1977) considered this con­
centration to be representative for the intracellular CI concentration. In 
a model for the CI transport across rabbit corneal epithelium, Klyce and 
Wong (1977) pointed out that CI is accumulated in the cell, probably via the 
AS membrane, and that it could leak out across the TS membrane on the basis 
of a slightly favourable electrochemical gradient (4 mV). 
Otori (1967) found in scraped-off rabbit corneal epithelium intracellular 
concentrations of Na, К and CI of 57, 109 and 23 mEq/1, resp. It is, however, 
very hard to transform these results to intracellular ion activities. It can 
thus be concluded that only little is known about the ion activities in the 
epithelial cells of rabbit cornea. 
In order to find out whether in rabbit corneal epithelium a process of 
CI transport is operating similar to that proposed for other CI secreting 
epithelia (Frizzell et al., 1979) the Cl, Na and К activities and the intra­
cellular potentials have been determined. The results have been used to con­
struct a model of epithelial chloride transport of rabbit cornea that is in 
accordance with that proposed by Frizzell et al. (1979) for amphibian corneal 
epithelium. 
4.2. Functioning of normal and ion selective microelectrodes 
It was found that proper functioning of the ion selective microelectrodes 
required a tip opening of 0.5-0.7 i_ diameter. This diameter is larger than 
the tip opening of microelectrodes normally used as can be concluded from 
the rather low tip impedance (2-5 Μα). Davis et al. (1970) have pointed out 
that microelectrodes filled with 3M KCl give rise to artifacts. They found 
that 3M KCl filled microelectrodes (tip resistance 2M£2)resulted in potential 
responses of up to 25 mV negative with respect to the AS solution after im­
palement of the stroma, while Ringer filled microelectrodes gave a zero 
potential difference. A similar finding was reported by Nelson et al. (1978) 
in frog skin, who reported that 3M KCl filled microelectrodes, with relativ­
ely low tip resistance (< 30 Mil for electrodes without inner filament) may 
produce negative pre-tip potentials of up to 18 mV due to KCl leakage and a 
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high density of fixed negative charges in the cytoplasm. These phenomena 
could be avoided by either using 3M KCl microelectrodes with high tip re­
sistance (> 30 Мк)ог using a filling solution of the microelectrode isotonic 
to the cell interior. 
In our preparation of corneal epithelium we had to use microelectrodes 
with a rather big tip opening (vide supra), because the shape of the normal 
electrodes had to be the same as that of the ion selective microelectrode. 
In the case that epithelial basal cells were impaled with 3M KCl filled 
microelectrodes intracellular potentials were found up to 90 mV, cell inte­
rior negative. After passing the epithelium and subsequent penetrating the 
underlying stromal layer, the transepithelial potential was not recorded. 
In contrast a small negative potential was measured with respect to the tear 
side solution. Apparently the tip potential had increased. In order to check 
whether this finding was the result of the artifacts described by Davis et 
al. (1970) and Nelson et al. (1978) the following experiment was carried out. 
.3 
The cornea was incubated with ouabain (10 M, AS) and amphotericin В (2x 
10" M, TS) in bathing solution 1. Ouabain inhibits the active Na transport 
(cf e.g. Candía 1972; 1974) and prolonged amphotericin В incubation makes 
the membrane leaky (cf the following chapters). After the transcorneal p.d. 
had dropped to zero, the epithelial cells were impaled with microelectrodes 
filled either with 3M KCl or with 150 mM KCl. In the case of 150 mM KCl fil­
led microelectrodes, the intracellular potential was essentially zero. 
However, with 3M KCl filled microelectrodes, intracellular potentials of 18 
mV (cell interior negative) were obtained which value became even larger 
after penetration of the stromal layer. 
For this reason we have used 150 mM KCl filled microelectrodes in further 
experiments. With these electrodes stable potential recordings could be ob­
tained for a period of up to 10 min. 
The selectivity constants (k) of the ion selective microelectrodes, the 
resistances and the slopes (in mV) for a 10-fold change in ion activity are 
summarized in Table 4.1. It is quite evident that the measurement of the 
intracellular Na activity will be greatly influenced by the К present. The 
obtained value of the intracellular Na activity must therefore be corrected 
for the К activity by means of the selectivity constant for К over Na of the 
Na selective electrode. 
Fig.4.1 shows some typical examples of impalements of the epithelial cells 
with Na, К and CI selective microelectrodes. Stable potential recordings 
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could be obtained for several minutes with these electrodes The blocks im­
posed on the recording of Fig.4.1 of the ion selective microelectrodes are 
the voltage responses of the TS membrane of the epithelium due to the current 
sent through the tissue. The blocks imposed on the recordings of the Na and 
CI microelectrodes show capacitive effects due to the high electrode impe­
dance. The magnitude of the blocks are a measure of the TS membrane resis­
tance. As can be seen in the example of the impalement with the К electrode, 
the magnitude of this voltage response increases as soon as the microelec-
trode tip is beyond the epithelium and thus inside the stroma. In that case 
the magnitude of this increased voltage response due to an imposed current 
measured with the rmcroelectrode is almost similar to that found with macro-
electrodes for the total cornea. Thus the resistance of the epithelium and 
of the total cornea are almost similar. The entry of the normal and ion 
selective microelectrodes into the stroma is accompanied with a sudden de­
flection of its potential recording. Withdrawal of the rmcroelectrode caused 
the potential to return to the original value before impalement. 
The response of the ion selective electrodes after impalement of the epi­
thelium is composed of a contribution of the membrane potential and a con­
tribution resulting from the change in ion activity between the bathing 
solution and the basal cells of the epithelium, i.e. 
Л
*С1 = VTS,C + s l o g ^ci.c^ci.Ts) ( 3 ) 
where ψ
τ<




 and a-, -„ are 
the CI activities of the cell and the TS bathing solution, respectively. 
Equation (3) can also be used for the Na and К electrodes. 
In order to find out whether the CI selective rmcroelectrode was sensing 
other anions, an experiment was carried out in a low CI containing bathing 
solution (Эр·, < 0.1 mM). This solution contained 25 mM НССЦ which is reported 
to be the major interfering anion in the measurement of intracellular CI 
activity (Saunders et al., 1977, Duffey et al., 1979). After stabilization 
of the transcorneal p.d., the intracellular recordings of the normal and the 
CI selective microelectrodes were compared. The TS membrane potential was 
56.5 + 0.5 mV (n=5), cell interior negative. The CI selective rmcroelectrode 
yielded a value which was not significantly different from this potential, 
i.e. 58.1 + 0.4 mV (n=4). 
These findings point at the absence of interfering anions in the cell and 
44 
at the fact that the activity of HCO, inside the cell is most probably lower 
than in the TS bathing solution. 
4.3. Correlations between corneal transport and potential difference and 
intracellular potential of corneal epithelium 
The mean transcorneal p.d. and R-, (R measured with long current pulses) 
given in Tables 4.2 and 4.5 did not differ significantly from previous values 
(cf Chapter 3). Furthermore, the resistances measured with short or long 
pulse did not differ significantly. 
Figure 4.2 shows that there is an inverse linear relationship between the 




, measured with microelectrodes and the transepi-





 amounts to 64.0 mV (cell negative). This finding is 
in accordance with the report of Klyce (1972), who found a slope of -1.01, 
but ψ
Τ
ς ρ was 50.5 mV when p.d. = 0. 
The resistance ratio К-гс/Кдс could be obtained from the voltage responses 
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of the TS and AS membrane due to current sent through the cornea during im-




was determined with normal, 150 mM KCl filled microelectrodes after stabili­
zation of the p.d. The variation in p.d. varied linearly with the apparent 
short circuit current (Icr = p.d./R) of the epithelium (cf Fig.4.3). The 
slope of the plot p.d. vs I
s c
 amounted to 2.72 (r = .77) and the intercept 
did not differ significantly from zero. The relationship between R T 5/R. S and 
Ιςς may help to discriminate between cause and effect in the depolarization 
of the TS membrane at higher transport rates of the epithelium. It was found 
that R.J.Ç./R.,- is inversely related to epithelial SCC with a slope of -.235 
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4.4. Dependence of the chloride activity of the basal cells of corneal epi­
thelium on the aqueous side sodium concentration 
The CI activity in the basal cells of the corneal epithelium was deter­
mined as described in the sections 2.6 and 4.2. The results are summarized 
in Table 4.2. The mean CI activity observed in the basal cells of the epi­
thelium was found to be Эр-, = 2 8 + 2 mM (11 tissues). 
In the case of a passive distribution across the TS membrane, the mea­
sured
 + T S - of 41.0 + 2.6 mV leads to an expected CI activity a c, = 15 mM, 





 = -(RT/F) In ( a
c l 5 C e l l / a c l j b a t h ) 
where R, Τ and F have their usual meaning, a
c l , ., is the CI activity in 
the bathing solution (i.e. 89 mM) and a
c l ^ is the CI activity in the 
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cell. The ratio a ^
 o
/ a
c l is a measure of the active accumulation of CI in 
the cells. A passive distribution gives a value 1. In control conditions this 
value amounts to 1.9 + 0.2 (cf Table 4.2, 11 tissues). 
As suggested by Fnzzell et al. (1980) m a review on CI activities in 
epithelial tissues, the increased CI content of the cells in comparison with 
a passive distribution across the CI permeable membrane must be due to a 
neutral NaCl cotransport mechanism which is dependent on the Na gradient 
across the same membrane. In order to investigate whether a similar mechanism 
operates in the rabbit corneal epithelium, the AS bathing solution of the 
cornea was replaced by a bathing solution lacking Na, TEA and choline sub­
stitution). Intracellular potentials and CI activity in the epithelial cells 
were measured after stabilization of the p.d. Because the CI activity of the 
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mean 20.2 2.9 40.5 7.8 22 1.4 
S.E.M. 1.8 0.2 2.3 1.3 1 0.1 
epithelial cells was slowly decreasing after Na substitution, the CI activ­
ity was measured in the period 60-80 min after changing to a Na-free bath­
ing solution at the AS. The results of these experiments are summarized in 
Table 4.3. 
Na substitution at the AS of the cornea caused a depolarization of the 




 did not change significantly. The 
change in p.d. is probably not due to Na permeability in the AS membrane of 
the epithelium because the epithelial resistance did not increase. The ob­
served CI activity in the cells decreased significantly to 22 + 1 mM (p < 
0.025, n=ll) after AS Na substitution. The ratio a-,
 0 / a c l decreased to 
1.4 + .1 (n=ll), a value closer to that of a passive distribution across the 
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TS membrane and s i g n i f i c a n t l y lower than the control value (p < 0.05). 
The r e v e r s i b i l i t y of the effects of Na deprivation on CI a c t i v i t y was 
studied by restoring the Na concentration in the AS bathing solut ion to the 
control values. The effects of re-admittance of Na to the AS of the cornea 
on ψ-ρς - , ар,, p.d. and R are given in Table 4.4. 
After a transient depolarization the p.d. recovered to the same value as 
during the Na-free period wi th in 30 minutes. The value ,,,.,.
 r again did not 
change s i g n i f i c a n t l y . The observed a c l in the basal cel ls of corneal ep i­
thelium increased to 30 + 2 mM ( n = l l ) , which is not s i g n i f i c a n t l y d i f f e r e n t 
from the control value. However, the measured a c l was s i g n i f i c a n t l y larger 
than during the Na-free incubation period (p < 0.005). The r a t i o a r 1 / a r , 
in the basal cel ls of the epithelium increased to a value of 1.9 + 0.1 (n= 
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11), s i g n i f i c a n t l y higher than in the AS Na-free period (p < 0.005). 
4.5. Determination of the sodium and potassium a c t i v i t i e s in the basal cel ls 
of corneal epithelium 
As shown in Table 4 . 1 , the Na selective microelectrode senses Na only 2.8 
times better than K. This property of the Na selective microelectrodes pre­
sent a problem in determining the Na a c t i v i t y in the e p i t h e l i a l c e l l s . By 
means of К selective microelectrodes and normal 150 mM KCl containing micro-
electrodes the i n t r a c e l l u l a r К a c t i v i t y was found to be aK = 75 + 4 mM 
(n=13, cf Table 4.5). The high aj, value thus interferes with the measurement 
51 
of Na in the basal cells. The measured Na activity of the basal cells should 
be corrected for aj, in those cells. The result of this correction is given 
in Table 4.5. An unpleasant consequence of this indirect way of determining 
a., is the rather large standard error in a^ , for a single tissue. Due to 
accumulation of errors in yyc ρ, the potential recordings of the Na and К 
selective microelectrodes and in their conversion to ion activities, the 
relative standard error of a., may amount to 20% for a single tissue. 
As can be seen in Table 4.5, the sum of the Na and К activity in the cell 
is 99 mM. This value is lower than the sum of the Na and К activities in the 
bathing solution. This difference may be caused by a contribution of other 
cations or of fixed positive charges. 
Comparison of the measured a,, in the cells and the measured potential 
across the aqueous side membranes leads to the conclusion that the a,, in the 
.cell is higher than could be expected on the basis of a passive distribution 
across that membrane. The average electrochemical potential difference for К 
across the AS membranes averages 14 mV forcing К out of the cell into the 
aqueous. This is true only if the AS membrane behaves as an ideal К electrode. 
The electrochemical potential difference is reduced to 6 mV if the AS mem­
brane would have the same selectivity of К over Na as the К microelectrode. 
The electrochemical potential difference for Na across the tear side membrane 
averaged 84 mV driving sodium into the cell. 
In preliminary experiments it was found that the cell activities of Na 
and К can be altered during incubation with ouabain or amphotericin Ù. In 
both cases the Na as well as the К activity change towards the respective 
values of the bathing solution in a process taking several hours. 
Experiments with a Na-free solution at the AS (substitution by TEA and 
choline) indicated that the liquid ion exchange solutions have a very high 
sensitivity for these large cations. Furthermore, it was concluded from these 
experiments that TEA and/or choline were able to enter the cells. 
4.6. Discussion 
The results are of interest in various ways. In the first place, it was 
found that the method for obtaining the ion activities in rabbit corneal 
epithelium may give rise to large artifacts. <Jhen 3M KCl filled microelec­
trodes were used with a tip opening as large as that of the ion selective 
microelectrodes, pre-tip potentials of up to 25 mV could be detected. 
Similar findings were obtained in frog skin (Nelson et al., 1978) and frog 
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cornea (Davis et al., 1970). The pre-tip potentials are probably due to fixed 
negative charges in the cell cytoplasm and in the connective tissue. These 
pre-tip potentials were reduced to zero by lowering the KCl concentration of 
the filling solution of the microelectrodes to 150 mM. 
The reliability of the 150 mM KCl filled microelectrodes is supported by 
the finding that in corneas treated with amphotericin В and ouabain a zero 
intracellular potential was measured while the 3M KCl filled electrodes gave 
a potential of -18 mV. The observed inverse relationship between ψ
Τ(- ρ and 
p.d. was also found by e.g. Klyce (1972) in rabbit corneal epithelium and 
by Nagel (1977) in frog skin. Linear relationships have been found between 
the p.d. and R-p/R.,. on the one hand and Ц _ On the other. The TS membrane 
of the amphibian corneal epithelium is a rate limiting step for the trans­
port of Na (Candía et al., 1974) and CI (Nagel et al., 1980). This is also 
true for the transport of Na (cf Chapter 7) and CI (Klyce and Wong, 1977) 
in rabbit corneal epithelium. Therefore, the lower values of RT(./R.5 are 
probably a consequence of lower values of R T S, and this results in higher 
transport rates. The lower values of Rj S may be due to an increased Na or 
CI permeability of the TS membrane. An increase in Na permeability would re-
sult in a reabsorptive state of the epithelium, while an increase in CI per-
meability would result in a secretory state of the epithelium. In particular 
the secretory ion transport may be regulated in vivo, as suggested by the 
sensitivity of the TS membrane to adrenaline (cf section 3.6). The lower 
value of yT<- ^ at higher transport rates might be the result of an increase 
in net current flow across the TS membrane resistances, which cause an I.R 
drop. 
A CI activity of 28 mM was measured in the basal cells of rabbit corneal 
epithelium. This value is in close agreement with the value of 29 mM report-
ed for frog cornea by Zadunaisky et al. (1979) and is somewhat lower than that 
reported by Klyce and Wong (1977). By measuring the effect of sudenly in-
creasing Ρ-, of the TS membrane on
 fT<. ρ at various CI concentrations in the 
TS bathing solution, Klyce and Wong (1977) found a CI concentration of 41.5 
mM in the squamous and wing cells of rabbit corneal epithelium which corre­
spond to a., = 34 mM. The difference might be explained by the fact that the 
intracellular potential of the squamous and wing cells is several mV lower 
than that of the basal cells (Klyce, 1972; own observations,not shown). 
The a^ and a^ , of the basal cells of corneal epithelium were measured to 
be 75 and 24 mM, respectively. The a., is much lower than could be expected 
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for passive distribution across the TS membrane. This difference may be due 
to active Na extrusion by Na-K-ATPase across the AS membrane. The finding 
that a., is slightly larger than expected on the basis of a passive distri­
bution across the AS membrane points at a process that accumulates К in the 
cell, or at the possibility that a,, between the cells is somewhat higher than 
in the bathing solution. 
The a K reported here is much lower than that of 124 mM reported by Hansen 
et al. (1978) for rabbit corneal epithelium. In their experiments, however, 
the KCl filled microelectrodes may have given rise to tip potential artifacts 
as described in section 4.2. The observed value of a^ is in the same range 
as the values of 86 mM reported by Reuss et al. (1980) for Necturus gall­
bladder, of 57 mM by Spring and Kimura (1979), for the Necturus proximal 
tubule (the luminal perfusate contained only 100 mM NaCl ) and of 80 mM by 
Armstrong et al. (1979) for the epithelial cells of bullfrog small intestine. 
The a., reported here is also in the same range as the values of 22 mM 
reported by Reuss et al. (1979) for gallbladder, of 30 mM by Spring and 
Kimura (1979) for the Necturus proximal tubule, of 18 mM by Armstrong et al. 
(1979) for bullfrog small intestine. 
Knowing the cellular activities of Na, К and CI the diffusion potentials 
for these ions across the TS and AS membranes of the epithelium can be cal­
culated with the Nernst equation, e.g. in the case of CI, 
ECI,TS = (RT/F> 1n (aci,b/aci,c)· 
E-, jr> Ej.
 τ ς
 and E K .ς amounted to 31, -42 and 76 mV, respectively. The TS 
membrane potential amounted to 36 mV and the AS membrane potential to 63 mV 
(all values cell interior negative; n=24). These calculations indicate that 
the TS membrane potential is far from the Na equilibrium potential and is 
also larger than the CI equilibrium potential. The AS membrane potential is 
somewhat lower than could be expected on the basis of a К equilibrium poten­
tial. The discrepancies between the calculated diffusion potentials and the 
measured membrane potentials are probably the result of current recircula­
tion through the shunt pathway (cf Klyce, 1972; Nagel, 1977). 
Returning to the CI activity, it was calculated that a,.·, was a factor 1.9 





, is reversibly lowered to 1.4, a value closer to that for 
a passive distribution across the TS membrane, after substitution of TEA and 
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Эр, in the epithelial cells is probably due to the large stromal layer, serv­
ing as a compartment which is not easily deprived of all its Na when the AS 
bathing solution is made Na-free. These findings suggest that the presence 
of Na in the AS bathing solution may be an important parameter in the CI ac­
cumulating process in the rabbit corneal epithelium. Dependence of CI trans­
port on serosal Na was reported for frog corneal epithelium by Zadunaisky et 
al. (1971a). These results can be summarized in a model of the transport 
mechanisms in rabbit corneal epithelium shown in Fig.4.5. In the AS membrane 
a Na-K-ATPase, a neutral NaCl cotransport mechanism and a К permeability are 
located while the TS membrane is Na and CI permeable as reported in Chapter 3. 
Na translocated across the AS membrane by Na-K-ATPase is replaced by Na 
from the TS bathing solution. These Na ions enter the cell via a Na permeabil­
ity in the TS membrane. Because the entry of Na across the TS membrane is 
rate limiting, cellular a., will decrease relative to a., in the bathing 
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solution. This process yields Na gradients across the TS and AS membranes. 
The Na gradient across the AS membrane may energize the NaCl cotransport 
mechanism for "uphill" CI entry across the AS membrane. CI ions leak out 
across the TS membrane via a CI permeability due to the favourable electro­
chemical gradient. This CI flux is accompanied by a flux of Na across the 
junction to provide electroneutrality. Additional support for the hypothesis 
that CI transport from AS to TS is dependent on the established gradients 
rather than on an active CI transport mechanism comes from the results of 
Bentley and Yorio (1977), who found that inhibition of CI transport is not 
accompanied by an alteration in 0 ? consumption in amphibian corneal epi­
thelium. 
An important aspect of the CI entry step across the AS membrane of the 
corneal epithelium is its source of energy. As already pointed out, the ex­
periments suggest that the Na gradient across the AS membrane may play an 
important role. The electrochemical potential difference of Na across the AS 
membrane is A - N a i A S > c = "(RT/F) In ( a N a 5 A S / a N a > c ) - , A S > C = -101 mV, which 
favours Na entry. Combining the results of the determination of a
r
·, and 
ψ.,, ρ, Διγ, .r ρ = 35 mV, which would oppose Cl entry into the cell. Obvious­
ly, the Na gradient across the AS membrane is large enough to energize CI 
entry across the same membrane. 
Accumulation of CI into the cellular compartment can take place, when the 
exit of CI across the TS membrane or the accompanying flux of Na across the 
shunt pathway (cf Fig.4.5) is rate limiting. 
The location of Na-K-ATPase and the NaCl cotransport mechanism in the AS 
membrane permits recirculation of Na across this membrane. Na enters the cell 
via the NaCl cotransport mechanism and leaves the cell either across the TS 
Na conductance or via the Na-K-ATPase across the AS membrane. 
A serious problem of this epithelial transport model is the accumulation 
of К into the cells. In the case of net Na transport, К must recirculate 
across the AS membrane. К uptake is provided by Na-K-ATPase. The passive out-
flux of К across the AS membrane is hampered by the absence of a CI permeabil­
ity of that membrane (cf Chapter 3). There are, however, some possible so­
lutions for an electroneutral К efflux out of the cell. 
One would be a neutral KCl cotransport from the cell to the AS solution. 
A neutral KCl cotransport mechanism has been described in erythrocytes 
(Dunham et al., 1980) and ascites cells (Bakker-Grünwald et al., 1980). 
This mechanism is inhibited by furosemide, which also inhibits CI transport 
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from the AS to the TS in amphibian corneal epithelium (Candia, 1973). The CI 
transport in amphibian corneal epithelium has been proposed by Frizzell et 
al. (1979) to be the result of neutral NaCl entry via a cotransport mechanism. 
The same cotransport mechanism might thus be able to cotransport NaCl to one 
side and KCl to the other. 
In amphibian cornea DIDS inhibits Cl-transport but not Na-transport (Bent-
ley, 1980). DIDS is a stilbene derivative, which is known to inhibit anion 
exchange in red blood cells (cf Knauf et al., 1977). The qualitative similar­
ity between amphibian and rabbit corneal epithelium transport processes, 
suggests that an anion exchange mechanism like a Cl-HCCL exchange would 
operate in rabbit corneal epithelium. The AS Na effect on CI transport might 
be due to close coupling between Cl-HCCU or C1-0H exchange mechanism and a 
Na-Η exchange mechanism. The result of such a coupling cannot be easily dis­
tinguished from a neutral NaCl cotransport mechanism. A combination of these 
exchange mechanisms has been concluded by Murer et al. (1976) and Liedtke et 
al. (1977) in membrane vesicles of isolated brush borders of rat small in­
testine and by Bijman et al. (1980) in rabbit submaxillary main duct epi­
thelium. Further experiments are necessary to investigate whether HCO, and/or 
the pH are more directly involved in the CI uphill transport mechanism across 
the AS membrane. 
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C H A P T E R 5 
INTERPRETATION OF TRANSPORT PARAMETERS OF RABBIT CORNEAL EPITHELIUM BY MEANS 
OF TEMPERATURE CHANGES AND AMPHOTERICIN В ADDITION 
5.1. Introduction 
In vivo the cornea is subjected to large changes in temperature. The ef­
fects of temperature changes on the cornea have been studied by several in­
vestigators. Refrigerating the enucleated eye overnight at 4 С in a moist 
atmosphere results in swelling of the cornea. Subsequent rewarming to 35 0C 
leads to gradual recovery of the original corneal thickness (Davson, 1955). 
This so-called temperature reversal phenomenon requires energy and is locat­
ed in the corneal endothelium (Maurice, 1972; Dikstein and Maurice, 1972). 
Farrell et al. (1973) demonstrated an inverse linear relationship between 
the swelling of the rabbit cornea and its transparency. This relationship and 
the ability of the endothelium to reverse the swelling of the cornea at 35 
С emphasize the importance of temperature effects on corneal transport 
processes. 
Hodson (1975) found that rabbit corneal hydration remained constant at 
temperatures between 25 and 35 C, in spite of the large changes in endo­
thelial metabolism, potential and resistance. He suggested that going from 
35 to 25 0C, the active transport of the endothelium would decrease in 
parallel with the passive influx of water into the stroma. Green and Downs 
(1976) reported that the hydraulic conductivity (L ) of the epithelium as 
well as of the endothelium depend on the ambient temperature. For temperatures 
higher than 24 С the apparent activation energy of the L was near that of 
the free diffusion of water. For lower temperatures the apparent activation 
energy increased. 
The potential difference of rabbit corneal endothelium decreased after 
lowering the temperature, while R increased at the same time (Hodson, 1975). 
Klyce (1975) reported that the potential difference of rabbit corneal epi­
thelium, increased upon raising the temperature, while the resistance de­
creased considerably. For the unidirectional CI fluxes Klyce found a Q l n 
value of 2.6 leading him to the conclusion that the CI flux across the cor­
neal epithelium from AS to TS is not passive but active. The Q,G value of 
the Na transport was, however, not significantly different from that of pas-
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sive diffusion. Akaike and Hon (1970) found a linear relationship between 
the steady state values of the intracellular potential of rabbit corneal 
epithelium and tne temperature, with a 3 i n value of only 1.36. 
Most of the changes in ambient temperature of the rabbit cornea in vivo 
will be fully undergone by its outermost part, i.e. the epithelium. It is, 
therefore, of interest to investigate the response of the transport para-
meters of the corneal epithelium to changes in temperature. 
As was indicated by Candía et al. (1974) for frog corneal epithelium and 
by Nagel et al. (1980) for rabbit corneal epithelium the mucosal membrane 
was the rate limiting step of the transport processes. Candía et al. (1974) 
reported that amphotericin В induced a large increase of the active Na trans­
port of amphibian corneal epithelium. In order to study also the effects of 
temperature on the corneal epithelium at higher transport rates, amphotericin 
В was added to the solution bathing the tear side of the cornea. 
5.2. Temperature dependency of Na-K-ATPase activity and steady state values 
of the electrical parameters of rabbit corneal epithelium 
The steady state values of p.d., R and calculated short circuit current 
(Цр) were measured during cooling the cornea from 35 to О С in steps of 
5 С in the Ussing type chamber as described in section 2.2. The results are 
shown in an Arrhemus plot (Fig.5.1). The activation energy (E ) below 25 С 
is E, = 9.3 kcal/mole (39.1 kJ/mole) for the rate of p.d. change and 8.8 
a 
kcal/mole (37.0 kJ/mole) for the rate of R change. From p.d. and R an E = 
18.1 + 0.2 kcal/mole is calculated for Ι
ς
ρ. Rewarming to 35 С of the cooled 
cornea in steps of 5 С gave results that were not significantly different 
from those obtained by cooling. An important aspect of the obtained Arrhemus 
plots is the break point at 25 С In other tissues a break point is often 
obtained between 15 and 20 С due to a phase transition of the phospholipid 
environment of the transport mechanism. 
In order to ascertain whether the Na-K-ATPase activity of the corneal 
epithelium behaves in a similar fashion, the activity of the enzyme is deter­
mined at various temperatures between 0 and 35 C. There is a linear re­
lationship between the logarithm of the Na-K-ATPase activity and 1/T (Fig. 
5.2). E, for the rate of phosphate liberation by Na-K-ATPase amounted to 
α 
19.3 + 0.4 kcal/mole (81.0 kJ/mole) which is close to that of the calculated 
'sc-
From these values of E Q i n can be calculated by means of the equation 
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exp (lO.E./R.T. (T+10)). Q l n for Ι ς Γ at 15 С amounts to 2.9, while 
ПО SC 
Q 1 0 for the Na-K-ATPase activity at 15 С amounts to 3.1. 
5.3. Effects of slow rewarming of cooled corneas on transepithelial potential 
difference and resistance 
Decreasing the temperature from 35 С to О С diminished the p.d. from 
23.9 + 1.1 mV to 8.2 + .8 mV and increased R from 3.7 + .4 kncm to 10.4 + 
2 2 
1.1 kQcm (n=6) in bathing solution 1 and from 7.0 + .5 kßcm to 16.2 + 
? 
1.2 kíícm (n=9) after lowering the CI concentration in the bathing solution 
to 3 mM (substitution by SO,). 
After 45 min at О С the temperature was raised at a rate of 7.5 0C/min 
(dotted line in Fig.5.3). The response of epithelial p.d. and R to rewarming 
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is shown in Fig.5.3 for the d i f fe rent bathing condit ions. There is already a 
re la t i ve ly large increase in p.d. at temperatures below 15 0C. As summarized 
in Table 5 . 1 , the i n i t i a l p.d. r ise depends pa r t i a l l y on Na-K-ATPase, be-
cause ouabain addit ion caused a s ign i f icant decrease of the p.d. r ise (p < 
0.005) in both normal and low CI condit ions. Lowering the CI content of the 
bathing solut ion in the absence of ouabain increased the i n i t i a l p.d. r ise 
(p < 0.005). In a l l conditions R returned to i t s control value in the steady 
state 20 mm after rewarming to 35 С 
A remarkable phenomenon was the R undershoot, which took place in a l l 
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conditions tested. However, there was a difference in the magnitude of this 
undershoot after rewarming corneas with or without addition of ouabain. The 
findings as given in Fig.5.3 and Table 5.1 indicate a decrease m R under­
shoot during rewarming after ouabain addition. The relative p.d. overshoot 
observed after rewarming the cornea did not significantly differ under the 
various conditions, except for the low CI condition which yielded a signif­
icantly higher value 17 + 2% instead of 8 + \1 (n=5 and 6, resp). 
5.4. Effects of amphotericin В addition on transepithelial potential differ­
ence and resistance 
Ion leakage from the cells or pumping of ions into or out of the cells 
could be a clue in explaining the observed changes in p.d. and R due to re­
warming of cooled corneas. A method to investigate the effects of leakage 
and pumping of ions on p.d. and R is to change the ion permeability of the 
epithelium drastically by means of amphotericin B. This drug increases the 
Na permeability of the mucosal membrane of amphibian corneal epithelium 
(Candía et al., 1974), rabbit gallbladder (Rose and Nahrwold, 1976) and 
Necturus gallbladder (Reuss, 1978). This results in an increase of p.d. 
(mucosal side more negative) and of Na transport. Candía and Neufeld (1978) 
also reported an increase in p.d. and L·- following amphotericin В addition 
to the TS of rabbit corneal epithelium, although they did not describe these 
effects in detail. Thus, amphotericin В appears to be a useful tool in un­
raveling the role of ion permeabilities in p.d. and R changes upon rewarming 
of the cornea. 
The lowest concentration of amphotericin В giving a maximum response of 
the p.d. was 2x10 M. Fig.5.4 shows the changes in p.d. and R due to addition 
of 2x10 M amphotericin В to the TS compartment, with and without CI and 
-4 
with and without ouabain (5x10 M) in the bathing solutions. The p.d. re­
sponse consisted of a fast increase completed within 12 sec followed by a 
slower one. The shape of the secondary p.d. response depended on the exper­
imental conditions (Fig.5.4). Addition of amphotericin В (4x10 M) to the AS 
did not result in changes of p.d. and R. 
Several interesting findings can be observed. Higher values of R at tho 
moment of amphotericin В addition resulted in higher values of initial p.d. 
increase. The initial p.d. increase (Δ p.d.) of the epithelium as a con­
sequence of TS amphotericin В addition in bathing solution 1 amounted to 10.4 
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64 
+ 0.9 mV (n=3). Pre-incubation with ouabain decreased the first p.d. rise 
to 6.3 + 2.4 mV (n=3). 
In bathing solutions containing only 3 mM CI the Ap.d. due to amphoter­
icin В addition amounted to 22.5 + 1.9 mV (n=5) which is significantly larger 
than in the high CI condition (p < 0.005). Ouabain pre-incubation in low CI 
condition resulted in a Ap.d. of 26.8 +_ 0,7 mV (n=3) which is not signif­
icantly different from the value before ouabain addition. 
The initial R in 3 mM CI containing bathing solutions amounted to 6.7 + 
2 2 
0.7 к cm (n=5) without and 7.2 + 0.6 kficm (n=3) with ouabain pre-incuba-
2 
tion. 30 min after amphotericin В addition R amounts to 1.0 + 0.1 kncm (n= 
6) in bathing solution 1, which is significantly lower than the value of 
2.4 + 0.3 (n=8) (p < 0.005) in the case of amphotericin В application in 3 
mM CI containing bathing solutions. The values of R with and without ouabain 
pre-incubation have been combined, because ouabain incubation did not change 
R when measured 30 min after amphotericin В addition. These findings suggest 
that amphotericin В induces a cation permeability. A depolarization of 
2 mV was observed after addition of amphotericin В in a Na-free bathing solu­
tion at the TS (i.e. after reversal of the Na gradient across the TS mem­
brane). This points at a Na-selectivity. 
In microelectrode experiments in the Ussing type chamber described in 
section 2.1 it was found that the initial p.d. rise and R decrease resulted 
from similar changes in the TS membrane, while the second p.d. rise was due 
to the AS membrane. The second slower rise in p.d. due to amphotericin В ad­
dition is more pronounced in bathing solutions containing 113 mM CI than in 
solutions containing 3 mM CI. The absolute p.d. level reached in high CI 
conditions amounted to 65.1 + 2.8 mV (n=6) and is not significantly different 
from the p.d. level reached in low CI conditions (62.8 + 4.6 mV, n=4). 
An example of slow rewarming of a cooled and amphotericin В pre-treated 
cornea in high CI conditions is given in Fig.5.5. The p.d. increase during 
rewarming from 0 to 15 С amounted to 17 mV, is even larger than the value 
obtained by rewarming of corneas in low CI conditions (14.5 + 0.2 mV). This 
indicates that an increase in cation permeability of the TS membrane of 
corneal epithelium due to amphotericin В causes a large increase in ini­
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5.5. Effects of fast rewarming on the transepithelial potential difference 
and resistance of the cooled cornea 
The results presented in the preceeding sections indicate that inter­
ference with parameters like ion permeability and I — by amphotericin В ad­
dition or by temperature changes, may be divided into primary and secondary 
effects. Primary and secondary effects on epithelial p.d. and R after re-
warming of cooled corneas can be distinguished by accelerating the rate of 
temperature increase. Fast rewarming was achieved by injecting warm bath­
ing solution into the TS compartment, under simultaneous withdrawal of the 
superfluent solution. In this way the temperature of the TS bathing solution 
could be increased from 0 to 35 С in 30-40 sec. The effect of such fast 
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two representative experiments in bathing solut ion 1 with or without ouabain 
(5x10 M, AS). There was a very rapid increase of p.d. of 14 and 15 mV, resp, 
which began at the s tar t of rev/arming and was completed wi th in 30 sec. 
A large f a l l in p.d. was observed subsequent to the i n i t i a l r ise in the 
ouabain incubated corneas. 
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As can be seen in Fig.5.6 the changes in p.d. and R of the fast rewarmed 
corneas resemble those of the slowly rewarmed corneas in showing a small p.d. 
overshoot and a R undershoot. 
Fast rewarming of cooled corneas in a bathing solution containing only 
0.1 mM CI resulted in an initial p.d. rise of 15 mV, followed again by a 
rapid fall and a slow increase in p.d. (Fig.5.7). The same cornea was then 
exposed to amphotericin ü and cooled to 4 С Fast rewarming of this cornea 
gave an initial p.d. rise of 60 mV, about four times the rise before ampho­
tericin tí exposure. In addition the p.d. fluctuations due to fast rev/arming 
of the amphotericin ß pretreated cornea were more pronounced. 
The stimulation of the initial p.d. rise of the corneal epithelium in the 
presence of amphotericin В was also found when the bathing solution con­
tained 113 mM CI. The p.d. rise amounted in this case to 41 mV (n=3). It 
was observed that the p.d. fluctuations upon fast rewarming of amphotericin 
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Table 5.3 
Меал ^uXtol p.d. > иьг ijLpon. ^a-it №uxvwu.ng о^ tliz zp-uthoUam {¡нот 0 to 35 С 
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tht numòtiK 0(5 aü-se^.vai¿uní. 
Experimental condition Mean i n i t i a l p.d. r ise (mV; 
control (bathing solut ion 1) 
-4 
+ 5x10 M ouabain at the AS 
CI free 
+ 2x10 M amphotericin ü at the T5 
CI free + 2x10 M amphotericin В 
at the TS 
Na free at the TS + 2х10"бМ 













В pretreated corneas were also more pronounced. After these fluctuations, 
the p.d. reached a value of 60 mV, equal to that before cooling and rewarm-
ing. 
Finally, a fast rewarming experiment was carried out in TS Na free bath­
ing solution. Addition of amphotericin В to the TS caused a depolarization 
of 2 mV. The cornea was then cooled to 0 0C. Fast rewarming to 35 0C re­
sulted in an initial fast p.d. increase of only 16 mV and was followed by 
a slower increase of several mV's and a subsequent decline of the p.d. The 
initial p.d. increases upon fast rewarming from 0 to 35 С in the different 
experimental conditions are summarized in Table 5.3. 
5.6. Discussion 
The results presented here show a marked temperature dependence for p.d. 
and R of rabbit corneal epithelium. Different explanations are possible for 
our findings, and these will be discussed here. 
The observed relationship between Na-K-ATPase activity in rabbit corneal 
epithelium and temperature gives rise to two comments. The Arrhenius plot 
in Fig.5.2 does not exhibit the break point found in many tissues of mammals. 
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A break point is absent in tissues of cold-blooded animals like bullfrog kid­
ney (Tanaka and Teruya, 1973), toad skin (Park and Hong, 1976) and newt 
stomach (Kanno et al., 1977). Moreover, there is a small rest activity of 
the Na-K-ATPase at 0 C. This indicates that no phase transition of the 
phospnolipid rmcroenvironment of the Na-K-ATPase takes place between 0 and 
35 С in corneal epithelium. Tanaka and Teryua (1973) have pointed out that 
Na-K-ATPase activity depends on the lipid moiety of the enzyme complex. 
A rather large Na-K-ATPase activity at lo/ temperatures has also been re­
ported by Park and Hong (1976) in the toad skin. It appears that the epi­
thelium of rabbit cornea is adapted in such a way that it is able to trans­
port Na actively at low temperatures. This adaptation is most probably 
located in the lipid moiety of the Na-K-ATPase complex. 
The temperature dependence of the epitnelial p.d., R and calculated !,._ 
has also been investigated by preparing an Arrhemus plot. The break point 
is present at about 25 С 
The only small difference in activation energy for the Na-K-ATPase activ­
ity (19.3 kCal/mole) and for the calculated I-- (18.1 kCal/mole) for temp­
eratures below 25 C, suggests that Na-K-ATPase activity is the rate limit­
ing step in the active transport of the epitnelium below tins temperature. 
For temperatures > 25 С ion diffusion across the membranes may be the rate 
limiting process. 
Interpretation of the effects of a continuous temperature increase from 
0 to 35 С is facilitated by first discussing the effects of amphotericin В 
on p.d. and R of rabbit corneal epithelium. Addition of amphotericin В to 
the TS bathing solution gave a biphasic response in p.d. and R consisting 
of a fast and a slow phase. The first and fast p.d. rise is probably due to 
a depolarization of the mucosal membrane resulting from an increase in 
sodium over chloride permeability. Holz (1974) reported that application 
of amphotericin В on one side of thin lipid membranes causes a cation selec­
tive permeability increase. The hyperpolanzation observed after TS addition 
of amphotericin В suggests that, at least initially, the ampnotencin В in­
duced pores are more selective for Na than for K. Furthermore, reversing the 
Na gradient across the mucosal membrane reversed the polarity of the first 
p.d. response. The cation selectivity of the amphotericin В induced pores is 
emphasized by the increase in R when the CI content of the bathing solution 
was lowered. The larger initial p.d. increase upon TS addition of ampho­
tericin В in bathing solutions containing SO, instead of CI suggests the 
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presence of larger ion gradients across the membranes of the epithelium in 
the absence of CI. Finally, microelectrode experiments have shown the first 
p.d. step to take place across the mucosal membrane of the epithelium. The 
increase in Na permeability of the TS membrane of the epithelial cell is 
reflected in the decrease of R. 
Preliminary experiments indicated that the second p.d. rise due to ampho­
tericin В addition originated in the AS membrane. This suggests an electro-
genie Na transport in the presence of amphotericin B. Additional evidence 
for this suggestion is found in the p.d. decrease instead of increase fol­
lowing an initial p.d. rise upon addition of amphotericin В addition in the 
presence of ouabain. The inhibition of active Na transport of the epithelium 
by ouabain apparently also inhibits the secondary p.d. rise normally observ­
ed after TS addition of amphotericin B. Candia and Neufeld (1978) have shown 
that amphotericin В stimulates Ις. in rabbit cornea, which they ascribed to 
an increase in Na transport. Stimulation of the Ι^Γ by amphotericin В caused 
by an increase in active Na transport has also been reported for amphibian 
cornea (Candia et al., 1974) and toad bladder (Lichtenstein and Lpaf, 1975). 
However, the two distinct phases in the initial rise of I— and p.d. have 
not been described in these tissues. These findings strongly suggest that 
amphotericin В stimulates active Na transport in rabbit corneal epithelium, 
by making more Na available to the pump. 
In experiments on the effect of temperature on the transport parameters 
of the corneal epithelium only steady state values have been discussed so far. 
A clear disturbance of the steady state is obtained upon continuous rewarm-
ing of the cornea from 0 to 35 С either slowly in 7 min or fast within 40 
sec. The results of these experiments give rise to several comments. 
First of all, the magnitude of the increase in p.d. with temperature in­
dicates that the effect cannot be explained by diffusive processes only ac­
cording to the RT/F factor in the Nernst equation. Specially noticeable is 
the large increase in p.d. and R upon rewarming at low temperatures. The 
slow rewarming experiments suggest a dependence of the initial p.d. increase 
and the R undershoot on the presence of CI and ouabain in the bathing solu­
tion. The fast rewarming experiments, however, indicate that there is an 
initial p.d. rise of about 15 mV upon rewarming, which is independent of the 
presence of CI and ouabain. In the slow rewarming experiments this initial 
p.d. increase of about 15 mV appears to be partially masked by subsequent 
processes, which consist of a fast and marked depolarization and a slower 
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repolarization. The variation in rate of depolarization and repolarization 
observed in fast rewarming experiments under various experimental conditions, 
may cause the differences in the initial p.d. rise observed in the slow re-
warming experiments. The fast, initial p.d. rise upon rewarming in the pres­
ence of ouabain may be due to active ion transport that is not inhibited by 
ouabain or is the result of changes in ion permeability ratios of the epi­
thelial membranes, while ion gradients across those membranes still exist. 
An argument in favour of a role of Na-K-ATPase in causing the initial 
p.d. rise upon rewarming is found in the increase of this first p.d. rise 
after pretreatment of the cornea with amphotericin B. This drug greatly in­
creases the Na permeability of the TS membrane of the epithelial cells, 
which permits a larger influx of Na across the TS membranes. If this influx 
is the rate limiting step in the overall transport process, then increasing 
this sodium permeability may result in a stimulation of the Na-K-ATPase of 
the AS membrane. The increase of the initial p.d. rise upon rewarming is 
thus caused either by the enlarged Na influx which depolarizes the TS mem­
brane and thereby hyperpolarizes the transcorneal p.d., or by the increased 
electrogenic Na-K-ATPase activity. Additional proof for the involvement of 
Na comes from experiments with a Na-free bathing solution at the TS. In this 
case the effect of amphotericin В on the initial p.d. rise upon rewarming is 
absent. 
The transient rise in p.d. upon rewarming may be connected to changes in 
the cation permeabilities of the TS and AS membranes. Cooling the cornea 
greatly reduces the permeabilities of the TS and AS membranes as indicated 
by the large increase in the epithelial R. The inhibition of the Na-K-ATPase 
by ouabain or low temperature ultimately results in cell swelling, as re­
ported by Eggena (1977) for toad bladder epithelial cells, by Geek et al. 
(1980) for Ehrlich cells and by Berthon et al. (1980) for isolated rat liver 
cells. Berthon et al. (1980) suggested that raising the temperature of iso­
lated rat liver cells from 1 to 38 С in first instance caused an increase 
in Na-K-ATPase activity followed by an transient increase in Na and К per­
meability. This increase in Na and К permeability was due to prior cell swel­
ling and shunted the transport by the Na-K-ATPase. In rabbit corneal epi­
thelium a similar process may take place. The initial p.d. rise upon rewarm­
ing is at least partially due to the electrogenic Na pump. The subsequent 
p.d. fall reflects a shunting of this p.d. contribution of the Na pump due 
to the increased ion permeabilities of the epithelium. The R undershoot ob-
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served after rewarming corroborates the assumed increase in permeability. 
The decrease in relative R undershoot upon rewarming in the presence of 
ouabain can be explained by assuming that rewarming causes an ion permeabil­
ity in parallel to the ion permeabilities already present in the epithelial 
membranes. In the case of low membrane resistances, e.g. during ouabain in­
cubation, the increase in ion permeability due to the process of cooling and 
rewarming will not lead to the same relative decrease of the total R as ob­
served under control conditions with higher values of the R of TS and AS 
membranes. 
The second p.d. overshoot which takes place simultaneously with the R 
undershoot, indicates that the R undershoot is not an artifact due to im­
paired sealing upon rewarming. The second p.d. overshoot upon rewarming may 
be due to increased ion fluxes across the membranes as a consequence of the 
increased ion permeabilities, which result in an additional I.R drop across 
these membranes. As this current flow will mainly depolarize the TS membrane, 
the transcorneal p.d. will hyperpolarize. 
Preliminary observations (section 4.5) indicate that the Na and К gradient 
across the epithelial cell membranes slowly decrease in the presence of 
ouabain or amphotericin B. Hansen et al. (1978) found a similar slow decrease 
of the К activity of epithelial cells of the rabbit cornea after ouabain in­
cubation. In Necturus gallbladder Reuss et al. (1980) also did find a de­
crease of the ion gradients after amphotericin В or ouabain incubation. 
Therefore, it is not probable that the initial p.d. rise upon fast rewarming 
in the presence of amphotericin В is completely due to unmasking of still 
existing ion gradients. 
In conclusion it can be stated that the corneal epithelium is able to 
transport ions at low temperature and that ouabain cannot completely block 
all active ion transport of the epithelium. Amphotericin В addition to the 
TS produces at least initially, Na selective pores in the TS membrane of the 
epithelium. Inhibition of Na-K-ATPase with ouabain does not readily dissipate 
the ion gradients across the AS and TS membranes. The initial p.d. rise due 
to fast rewarming appears to result from ion gradients still present at the 
moment of rewarming and from an electrogenic contribution of the Na pump. 
The mechanism proposed for the change in p.d. and R as a result of changes 
in the ambient temperature needs further proof by means of measurements with 
microelectrodes. 
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C H A P T E R б 
SOME ASPECTS OF THE TRANSPARENCY AND HYDRATION OF RABBIT CORNEA 
6.1. Introduction 
The transparency of the cornea has been the subject of investigation in 
various reports. As already pointed out in Section 1.1, the cornea consists 
of a stromal layer lined by the epithelium at the tear side and by the endo­
thelium at the aqueous side. The stromal layer is made up of lamellae, com­
posed of collagen fibers. In each of these lamellae the fibers are oriented 
parallel to each other and to the tear surface, but in different lamellae 
the fiber orientation is different. The collagen fibers are embedded in gly-
cosaminoglycans. Destruction of one or both of the lining cell layers causes 
the cornea to swell considerably (Maurice and Giardini, 1951; Hedbys, 1961; 
Elliot et al., 1980). The driving force of the swelling of the cornea has 
been described to depend on the glycosaminoglycans (Hedbys, 1961). The major 
component of the swelling pressure was suggested to be the Donnan-osmotic 
effect (Elliot, 1980). Maurice (1957) proposed that the transparency of the 
cornea was due to a positioning of the collagen fibers in an ideal lattice 
such as to leave only forward scattering. Disturbance of this lattice, e.g. 
due to swelling, would lead to loss of transparency. Hart and Farrell (1969) 
showed that there was an ordered fiber arrangement in the stroma over short 
distances. Twersky (1975) also mentioned a short range order of the collagen 
fiber positions which was consistent with transparency. Benedek (1971) re­
ported that swelling of the stroma leads to the formation of lakes between 
the collagen fibers. These lakes were proposed to cause the increased light 
scattering observed after stromal swelling. This assumption was confirmed by 
Farrell et al. (1973), who showed that the presence of these lakes adds a 
term to the total scattering which is proportional to the wave length inverse 
squared. 
The corneal endothelium plays an important role in the preservation of 
normal hydration of the stroma (Trenberth and Mishima, 1968; Maurice, 1972; 
Dikstein and Maurice, 1972). The epithelium was described by Riley (1971) to 
be purely a barrier to water movement. On the other hand, Zadunaisky et al. 
(1971) and Klyce (1975) claim that the epithelial layer is able to move fluid 
actively from the stroma into the tears in frog and rabbit cornea, resp. 
74 
The purpose of this chapter is to find out whether the experimental ap­
proach described in Section 2.2 is suitable to provide reliable measurement 
of transparency of the rabbit cornea and of the parameters influencing this 
transparency. This reliability has been checked by determining whether the 
reported properties of the corneal stroma, endothelium and epithelium can be 
confirmed. In addition some basal mechanisms underlying corneal transparency 
are summarized. 
6.2. Dependence of corneal transparency on stromal hydration 
Fig.6.1 shows the relation between corneal transparency (Tr) at 520 nm 
and corneal hydration (H = gr water/gr dry weight) in the presence of a pres­
sure gradient of 0.5 cm H-O (0.05 kPa), AS positive. A linear relationship 
between H and Tr was found in the range tested (100 to 50% transparency). 
Variation in water content was established by prolonged incubation of the 
H (gr H 2 0 / gr dry weight) 
F-сдцлг 6.1 
Piot 0(5 colmai іллпі>ралгпо.у [Tu] адсиплі kydAation [H]. Each po-cnt кгркньспХл 
one coinça.. 
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cornea with or without ouabain and sometimes after removal of the epithelium 
and endothelium. The slope of the line relating hydration and Tr is -.13 g 
Η,Ο/dry weight/h% Tr (correlation coefficient r=.93,21 observations). Since 
2 the dry weight of corneal tissue was found to be 10.2 + 0.4 mg/cm (n=10), 
2 
increase in hydration of 1.3 μΐ H„0/cm corresponds to a \% reduction in Tr. 
The Tr of a swollen cornea was found to depend on the pressure gradient 
and on the ambient temperature. Changing the hydrostatic pressure gradient 
from 0.5 to 15 cm HpO (0.05 to 1.5 kPa) caused a decrease in Tr of the in­
tact cornea, varying from less than 1% near physiological values of Η to 3% 
at H=8. This observation leads to the conclusion that the hydrostatic pres­
sure gradient causes water uptake by the stroma. This has also been suggested 
by Bowman and Green (1976) and Mayes and Hodson (1978) for rabbit cornea. 
After scraping off epithelium and endothelium the cornea swelled passively 
with Tr decreasing to a steady state value of 60 + 5% (n=5) at 35 0C at a 
pressure gradient of 15 cm hLO (1.5 kPa), AS positive. Lowering the temp­
erature from 35 С to 0 С brought about a reversible decrease of Tr of 20 
+ 5% (n=5) in about half an hour, which is similar to a water uptake of 26 
2 
μΐ/cm . 
Bare stroma was used in an experiment at a pressure gradient of 0.5 cm H ?0 
(0.05 kPa), AS positive. Cooling from 35 to 0 0C did result in a Tr decrease 
of less than 2% compared to the 22% Tr decrease of the same tissue in the 
presence of a pressure gradient of 15 cm Η,,Ο (1.5 kPa). 
6.3. Dependence of corneal transparency on wavelength 
In Fig.6.2 the relationship between Tr and wavelength (λ) in nm is shown 
for the same cornea at two different states of swelling. It is obvious that 
Tr is lower at lower wavelength, or in other words that the corneal light 
scattering is larger at lower wavelength. Similar findings have also been 
described by Farrell et al. (1973). 
According to Kerker (1969) light transmittance through a scattering solu­
tion can be described by a formula analogous to the law of Beer-Lambert, i.e. 
Tr = I d/I o = exp(-T.l) (1) 
where I . = intensity of the light after passing the scattering solution 
I = initial light intensity 
1 = thickness of scattering solution 
τ = turbidity 
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From (1) i t follows that 
τ = - l n ( T r ) / l (2) 
The wavelength dependence of τ can be described by (according to Kerker, 
1969) 
τ = С.λ (3) 
where С = constant 
λ = wavelength and 
η = a number giving information about the dimensions of the scattering 
particles. The parameter τ corresponds to the "total scattering cross section' 
introduced by Parrei! et al. (1973). Hart and Farrell (1969) and Farrell et 
al. (1973) have developed a theory to explain Tr of the cornea in phvsiol-
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ogical conditions, based on the short range ordering of collagen fibers in 
the stromal layer. This theory leads to a value n=3 in equation (3) allowing 
corroboration of the theory by experiments relating λ to Tr. 
Benedek (1971) and Farrell et al. (1973) suggested that the loss of Tr 
during swelling of the cornea is caused by areas in the stromal layer, which 
are void of collagen fibers. These lakes were assumed to cause the increased 
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light scattering by the cornea after swelling. According to Farrell et al. 
(1973) the total scattering cross section of a swollen cornea can be obtain­
ed by adding together the scattering cross section of the cornea at phys­
iological thickness and a factor due to scattering of the lakes in a swollen 
cornea dependent on l/λ and on the volume of the lakes, i.e. 
ltot Tphysiol Tswoll (4) 
where τ. L t o t = the total corneal turbidity 





 t^bidity d u e t 0 t h e lakes. 
The value of η in eq (3) which amounted to 3 in physiological conditions, 
becomes 2 in the swollen cornea according to the theory of Farrell et al. 
(1973). 
A plot of In (-In Tr/1) vs Ιηλ yields a slope that equals n. Fig.6.3 shows 
some examples of these plots at various values of H. The correlation coef­
ficient was larger than .90 for all plots. The values of η thus obtained are 
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plotted vs hydration in Fig.6.4. It can be observed that η approached a 
value of 3.5 in physiological conditions and of 2.0 in the swollen cornea. 
6.4. Function of epithelium and endothelium in preservation of corneal trans­
parency 
As shown in Section 6.2 removal of epithelium and endothelium will cause 
the cornea to swell considerably, indicating that these layers play an im­
portant role in maintaining corneal transparency. 
In order to investigate the in vitro condition of the corneal preparation, 
it was incubated in bathing solution 1 for up to 6 hrs in the presence of a 
hydrostatic pressure gradient of 15 cm H 20 (1.5 kPa), AS positive. The re­
sults are summarized in Fig.6.5. During the first two hours Tr decreased by 
2 
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(n=6). At the same time the p.d. slowly declined. About 3.5 hrs after the 
beginning of the experiments p.d., R and Tr began to fall rapidly. 
The fall in p.d., R and Tr could be partly and transiently reversed by 
increasing the osmolanty of the TS bathing solution (25 mM NaCl). The role 
of the active transport processes is exemplified by Fig.6.6. In this figure 
-3 
the cornea was incubated in bathing solution 1 containing 10 M ouabain at 
the AS in the presence of a pressure gradient of 15 cm H-O (1.5 kPa). Tr 
decreased by 7 + \% per hour (n=3), slightly less than the control cornea 
after 5 hrs of prolonged incubation, where it fell by 10 + 2% per hour (n=6' 
cf Fig.6.5). These results suggest that the pressure gradient contributed to 
the Tr fall observed after ouabain. To check this possibility corneas were 
-4 
incubated in bathing solution 1 with 6x10 M ouabain at the AS with a pres-
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min the rate of Tr decrease amounted to 2.0 + 0.3 %/h (n=7), corresponding 
to a water accumulation of 2.7 yl/h/cm . 
The last set of experiments to be reported here concern the so-called 
temperature reversal phenomenon. The cornea, including a scleral ring of 
about 2 mm, was stored overnight in bathing solution 1 at 4 С Subsequently, 
it was mounted in the Ussing chamber at О С at a hydrostatic pressure gra­
dient of 1 cm H 20 (0.1 kPa). After stabilization of Tr at 81 + 2% (n=4), the 
temperature at the AS was increased to 35 C, which caused Tr to increase 
(Fig.6.7). This is probably due to increased endothelial pumping activity. 
The rate of Tr increase amounted to 3.2 + +5% per hour (n=4), which corres-
2 
ponds to a rate of water extrusion from the stroma of 4.4 jl/cm .h. This rate 
of water extrusion is in accordance with the findings of other investigators 
using different techniques (e.g. Maurice, 1972; Dikstein and Maurice, 1972; 
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Hodson, 1974). The situation is more complicated when the temperature of the 
TS is also raised to 35 C. Tr then rises with a rate of up to 21% per hour 
for about 10-15 m m , corresponding to the extrusion of water at a rate of 28 
2 
ui/cm .hour. This value is too large to be due to active transport. 
6.5. Discussion 
The experiments of this chapter are mainly aimed at proving the validity 
of using Tr changes as a measure of the changes in corneal hydration. We have 
found that there is a linear relationship between corneal hydration and trans­
parency, in agreement with earlier findings of Farrell et al. (1973). Hedbys 
and Mishima (1962) reported that there was a linear relationship between 
corneal hydration and thickness, which could be expected because the area of 
the cornea during swelling remains virtually constant. In frog cornea 
Zadunaisky and Lande (1971b) found a more complex relationship between water 
content and transparency. They also reported considerable swelling during tne 
first hours of incubation, which phenomenon is not observed in rabbit cornea 
in the present experiments. 
The ouabain incubation experiments reported in this chapter give rise to 
three comments. First, the Tr changes are dependent on the presence of a 
hydrostatic pressure gradient. In vivo the intraocular pressure amounts to 
25 cm H 20 (2.5 kPa). Ehlers and Ehlers (1968) suggested that swelling of the 
stromal layer changes the hydrostatic pressure gradient across the total cor­
nea. Consequently, a larger part of the pressure gradient will be across the 
epithelial layer. The increased pressure gradient from AS to TS across the 
epithelium might make the tight junction more leaky, permitting a larger 
fluid entry into the stromal layer driven by the swelling pressure. A similar 
additional fluid entry across the epithelium into the stroma probably occurs 
after 3.5 hrs of incubation in the presence of a pressure gradient of 15 cm 
H 20 (1.5 kPa) (see Fig.6.5). 
Secondly, reduction of the pressure gradient to 0.05 kPa in the presence 
of ouabain, resulted after a time lag of 48 m m in a fluid uptake of 2.7 
? 
μΐ/cm .h, as calculated from the decrease in Tr. This fluid uptake agrees 
2 
fairly well with the value of 4.3 μΐ/cm .h reported for rabbit corneal by 
Trenberth and Mishima (1968), who followed corneal thickness during ouabain 
incubation in the presence of a pressure gradient of about 15 cm H ?0 (1.5 
kPa). They prevented influx across the epithelium by leading moisture-
saturated air along the epithelial side of the cornea instead of bathing it 
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in a solution. The similarity of our results to theirs with respect to lag-
time between ouabain addition and beginning of swelling and to the rate of 
swelling confirm the reliability of the Tr for measuring net fluid movement 
across the lining cell layers of the cornea. 
Thirdly, the contribution of swelling of the epithelial layer to the total 
changes in corneal hydration may be neglected, as was also pointed out by 
Klyce and Russell (1979). The total Tr change of the cornea can thus be as­
signed to the Tr changes of the stroma. 
Changes in Tr induced by changes in pressure gradient have also been re­
ported by Farrell et al. (1973), Bowman and Green (1976) and Mayes and Hodson 
(1978). They depend on the presence or absence of epithelium and endothelium. 
In the presented experiments the effect of a pressure gradient on the Tr 
becomes larger at lower values of Tr. Farrell et al. (1973) reported similar 
effects. Bowman and Green (1976) suggest that the hydrostatic pressure gra­
dient contributes to the rate of fluid transport out of the stroma. De-endo-
thelialized corneas were allowed to swell at 35 С for 20 m m . After this 
period the normal AS bathing solution was changed for silicon oil. Bowman 
and Green (1976) found that tne cornea thinned at a higher rate in the case 
the hydrostatic pressure gradient was increased. They suggested that the 
fluid was mechanically forced out by the pressure gradient. A decrease in 
thickness of cold swollen, de-epithellalized corneas was found by Mayes and 
Hodson (1978) in the presence of a pressure gradient of 23 cm hLO (2.3 kPa) 
in temperature reversal experiments. They concluded that a similar mechanism 
was operating as suggested by Bowman and Green (1976), i.e. the fluid was 
mechanically forced out. However, Bowman and Green (1976) observed that the 
rate of thinning of swollen de-epithelialized corneas was decreased by high­
er pressure gradients. This discrepancy might be due to the effect of changes 
in temperature on the steady state water content of the stroma in the pres­
ence of a hydrostatic pressure gradient. In the experiments presented in this 
chapter it was found that denuded stroma in the presence of a hydrostatic 
pressure gradient swells to an equilibrium thickness at 35 C. Lowering 
of the temperature to 0 ÜC causes reversible swelling, as indicated by the 
decrease in Tr. This decrease was dependent on the presence of a hydrostatic 
pressure gradient, such that the swelling pressure decreased at higher temp-
eratures. This negative temperature coefficient is difficult to reconcile 
with the claim of Elliot et al. (1980) that the Donnan osmotic effect would 
be the major component of the swelling pressure in the corneal stroma. 
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Negative temperature coefficients of the swelling pressure of the corneal 
stroma have also been reported by Fatt (1971) and by Hara and Maurice (1972). 
A decrease in swelling pressure of the stromal layer swollen to equilibrium 
thickness will only lead to the extrusion of water when there is a force 
(e.g. a pressure gradient) to extrude the water fraction which is not firmly 
bound to the stroma. In the experiments of Mayes and Hodson (1978) the com­
bination of a temperature increase with a pressure gradient rather than the 
pressure gradient alone was the cause of corneal deswelling in the absence 
of an active endothelial fluid pump. 
The presented experiments on the temperature reversal of the thickness of 
cold swollen corneas, due to endothelial pumping activity after raising the 
temperature of the AS only, confirmed the results of other investigators 
using different techniques. However, the changes in Tr of the cornea after 
also raising the temperature of the TS compartment indicate that even at a 
low pressure gradient(1 cm H^O i.e. 0.1 kPa) a large, passive outflow of 
fluid from the stromal layer may occur. 
The Tr of an unswollen cornea is a consequence of the short range order­
ing of collagen fibers in the lamellae, as shown by the proportionality of 
Tr with λ . A short range ordering of fibers in the corneal stroma was pre­
viously reported by Farrell et al. (1973) and Farrell and McCally (1976). 
Long range ordering of fibers, as suggested by Maurice (1957) would require 
-5 proportionality of Tr with λ as calculated by Farrell et al. (1973). Benedek 
(1971) and Farrell et al. (1973) indicated that lakes of several micrometer 
diameter void of fibers, were formed in the stroma during corneal swelling. 
This process caused the exponent of the λ depencence of the Tr to decrease 
from -3 to -2. Our experiments confirm this decrease and indicate that there 
is a smooth transition between these two values of the exponent. This in­
dicates that the contribution of light scattering due to the lakes becomes 
more predominant with an increase in hydration. 
The results discussed in this section point out that the experimental ap­
proach as described in Section 2.2 is suitable for measuring corneal Tr. 
The linear relationship between hydration and Tr permits measurement of 
active fluid transport across the lining cell layers of the cornea by fol­
lowing the Tr changes. However, when temperature changes are brought about 
in the presence of a hydrostatic pressure gradient, the interpretation of the 
fluid fluxes across the lining cell layers is complicated. As pointed out 
before, the observed Tr changes may be partly due to passive processes rather 
than to active transport processes located in the epithelium or endothelium. 
85 
C H A P T E R 7 
AMPHOTERICIN В INDUCED SODIUM TRANSPORT AND WATER FLOW ACROSS RABBIT CORNEAL 
EPITHELIUM 
7.1. Introduction 
The passive influx of water into the stroma is opposed by the active ex­
trusion of water mainly by the endothelium (Mishima and Kudo, 1967). Endo­
thelial fluid transport has been suggested to be coupled to the transport of 
HCO, (Hodson and Miller, 1976). The role of the epithelium in deturgescence 
of the stroma remains uncertain. Riley (1971) has reported that the epi­
thelium's major function is as a barrier to the passive movement of water 
into the stroma, however, following stimulation of epithelial CI transport, 
the epithelium is able to transport fluid out of the stroma into the tears 
(Klyce, 1975). In the present study we have investigated whether the epi­
thelium is capable of higher rates of fluid transport than hitherto reported. 
Amphotericin В stimulates short circuit current in both the rabbit cornea 
and that of the amphibian presumably by increasing sodium transport (Candia 
et al., 1974; Candia and Neufeld, 1978). Following exposure of the mucosal 
surface of the epithelium to amphotericin В there is a decrease in trans­
parency. From this decrease we have calculated a rate of fluid transport 
comparable to the rate of endothelial fluid transport reported by Mishima 
and Kudo (1967). 
7.2. The effect of amphotericin В on transparency, potential difference and 
resistance of the cornea 
In order to study water transport initiated by the corneal epithelium, it 
is desirable to minimize active transport by the endothelium. Hodson and 
Miller (1976) found that Ringer solution free of CO« and HC0 3 inhibits the 
active contribution of the endothelial layer to corneal deturgescence. Hence, 
we used bathing solution 2, which did not contain C0 ? and HCO, to inhibit 
endothelial water transport. Because the transparency is not significantly 
lowered during the first 80 min of incubation in bathing solution 2, we can 
conclude that bathing solution 2 has not altered the water content of the 
cornea. This indicates that either endogenous CO, and HCO, activates the 
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endothelium and/or the epithelium contributes to deturgescence. 
Addition of 2.10" M amphotericin В to the TS caused changes in p.d., R 
and Tr, which are summarized in Table 7.1 and Fig.7.1. In particular, there 
is a reduction in Tr (indicating water accumulation in the stroma) beginning 
after 25 minutes of exposure to amphotericin B. The water permeability of 
the epithelium is very low and this low permeability may impede the action 
of amphotericin В in increasing water movement across the epithelium. Since 
serosal hypertonicity increases the water permeability of the toad bladder 
(Hardy et al., 1979) we have tried to enhance the action of amphotericin В 
on corneal water transport by using a hypertonic bathing solution (20 mM 
manmtol) at the AS. Mannitol gradients across the endothelium are dissi­
pated within a few minutes (Klyce and Russell, 1979), and thus the entire 
osmotic gradient is acting across the epithelium. In control experiments we 
have found that serosal hypertonicity does not influence potential, re­
sistance and transparency of the cornea in the absence of amphotericin B. 
As mentioned earlier (Section 5.4) the p.d. change consisted of two 
separate phases. The first phase is a hyperpolarization of 12.3 + 0.7 mV 
(n=6) which is completed within 12 sec and is not significantly changed by 
serosal hypertonicity. The second, slower rise in p.d. of 18.6 + 1.5 mV is 
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ρ < 0.05). Thirty min after addition of amphotericin В the R had stabilized 
2 
at a level of 0.6 +_ 0.1 knem and this response is not significantly altered 
by serosal hypertomcity. 
After at most 25 m m of exposure to amphotericin В the p.d. began to fall 
linearly (see Fig.7.1). This p.d. fall was accompanied by a fall in Tr. Se­
rosal hypertomcity increased both the fall in p.d. and that in Tr. Corneal 
resistance remained stable and was not changed by serosal hypertomcity. 
In the absence of serosal hypertomcity amphotericin В causes the Tr to fall 
at a rate of 3.6 + 1.0% per hour (n=6) which corresponds to a water flow 
into the cornea of 4.8 ul/h/cm . When mannitol is applied to the aqueous side 
the rate of Tr fall after amphotericin В is 9.5 + 0.8% per hour (n=8) cor-
2 
responding to a water influx of 12.4 μΐ/h/cm which is significantly higher 
than in the absence of serosal hypertomcity (p < 0.001). The effect of 
serosal hypertomcity starts immediately after its application to the ampho-
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tericin В treated cornea, as can be seen in Fig.7.2. 
The parallel fall of p.d. and Tr (Figs. 7.3 and 7.4) suggests a relation­
ship between these two parameters.We have plotted the rate of fall of Tr 
against the rate of fall of the p.d. Те resulting graph is shown in Fig.7.3 
and reveals a linear relationship with a correlation coefficient of r=0.76. 
Preventing the transport of water across the endothelium from the aqueous 
side into the stroma by bathing the endothelial side with silicon oil (MS 
200) did not significantly alter the effects of amphotericin В on p.d. or R. 
The Tr fall due to amphotericin В amounted to 2.4 + 0.2% per hour (n=3) which 
is not significantly lower than that observed without blocking the endothel­
ial side. This indicates that the water transport following exposure to 
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7.3. Amphotericin В incubation and the ef fect of subsequent ouabain addit ion 
In order to examine whether the decrease in Tr fol lowing exposure to 
amphotericin В was r e a l l y a consequence of active Na transport by the epi-
-4 thelium, ouabain (6x10 M) was added to the AS of the cornea. Fig.7.4 shows 
that a f ter a lag time of 2 min ouabain causes an additional f a l l in p . d . , 
which is accompanied by a transient increase in Tr. Simultaneous incubation 
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with amphotericin В and ouabain caused the p.d. to decline to zero. The total 
increase in Tr following the addition of ouabain is dependent on the actual 
Tr at the moment of ouabain addition. Fig.7.5 is a plot of the total Tr in­
crease due to ouabain against the Tr in the presence of amphotericin В at 
the moment of ouabain addition. All experiments, both with and without 
serosal hypertomcity were used for the construction of this figure, cor­
relation coefficient is r=0.91. The regression line crosses the abscissa at 
96% Tr, i.e. a cornea with 96% Tr following amphotericin В will not become 
more transparant after ouabain addition. A similar phenomenon, that is an in­
crease in Tr following inhibition of the Na-K-ATPase in corneas treated with 
amphotericin В is seen when the cornea is cooled to О С The closed tri­
angles in Fig.7.5 represent corneas incubated in Cl-free solution at the AS. 
(SO. replacing CI). These corneas did not recover as well as the control 
corneas. For the two corneas with the Tr lower than 91% the increase in Tr 
was significantly different from the calculated linear regression line (the 
broken lines in Fig.3.7 indicate the 97.5% confidence limits). 
7.4. Discussion 
In this study we have used an indirect method for measuring net fluid trans­
port across the lining cell layers of the rabbit cornea. The validity of 
this method has been discussed in chapter 6. The addition of amphotericin В 
caused changes in p.d. and R that correspond to the results presented in 
chapter 5.4. 
It is most striking that the fluid transport, as indicated by the Tr fall, 
starts when p.d. is beginning to decrease while the R is not falling signif­
icantly at that time. This Tr change shows that amphotericin В alters the 
normal direction of transport of water across the epithelium, which is be­
lieved to be slightly secretory (Klyce, 1975) to that characteristic of a 
reabsorptive epithelium such as that of frog skin. 
Preliminary histological and electronmicroscopic experiments (Dr.Eling, 
unpublished results) indicate that the lateral intercellular spaces dilate 
after the addition of amphotericin B. Such wide lateral intercellular spaces 
are also described in frog skin (Voûte and Ussing, 1970) and toad bladder 
(DiBona et al., 1969). Serosal hypertomcity makes the p.d. and Tr fall after 
amphotericin В addition larger. This additional Tr fall indicates an increase 
in net volume flow into the stroma. The increased volume flow, however, can 
be caused either by an increase in osmotic gradient or by an increase in 
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water permeability such as suggested by Hardy et al. (1979) for the toad 
urinary bladder. The increased Tr fall due to serosal hypertomcity in the 
presence of amphotericin В suggests that the stimulated Na transport itself 
creates an osmotic gradient across the epithelial layer. In the rabbit cornea, 
osmotic gradients across the epithelium cause Tr changes after application 
of amphotericin В that suggest a greater hydraulic conductivity (not shown 
results). An increase in water permeability following application of ampho­
tericin В has been reported in toad cornea (Parisi et al., 1980). The results 
discussed sofar, can be summarized by saying that amphotericin В leads to 
stimulation of active sodium transport accompanied by a net flow of water 
into the stroma. The magnitude of this accompanying water flow is enhanced 
by an increased water permeability, resulting both from the direct action of 
amphotericin В and from an osmotic gradient across the epithelium. The osmo­
tic gradient may be induced by the increased Na transport or artificially 
imposed by serosal hypertomcity. 
In rabbit ileum (Holman et al., 1979) and in toad urinary bladder (Binds-
lev et al., 1974) the opening of the lateral intercellular spaces and the 
resultant increase in water permeability is accompanied by an increase in 
the conductance of the paracellular pathway. However, in rabbit corneal epi­
thelium, a decrease in shunt resistance resulting from the opening of the 
lateral intercellular spaces, may be hard to detect since the cellular route 
has a low R. The depolarization observed after amphotericin В can be explain­
ed by a lowering of the shunt resistance acting in concert with an increase 
in the sodium gradient across the epithelium. These effects lead to intra­
epithelial loop currents and hence to the observed depolarization of the 
transcorneal p.d. 
The major part of the water flow induced by amphotericin В is across the 
epithelium, since replacement of the AS bathing solution by silicon oil 
(which prevents the water flow from the AS to the stromal side of the endo­
thelium) does not significantly reduce the accumulation of water in the 
stroma. 
Green (1969) has reported that tnere is a close coupling between passive 
swelling of the stroma and the loss of Na bound to mucopolysaccharides in 
the stroma. He was only able to demonstrate stromal swelling when the amount 
of sodium bound was reduced. In the present experiments it was found that 
amphotericin В can cause stromal swelling by increasing the sodium content 
of the stroma. 
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The active sodium transport by rabbit corneas exposed to amphotericin В 
is diminished after addition of ouabain, as has been reported by Candía et 
al. (1974) for the amphibian cornea. If the active transport of Na is in-
hibited, the accumulated Na and water may diffuse out of the stroma. Inhibi-
tion by ouabain of the active Na and water accumulation in the stroma may 
thus lead to a transient increase in Tr as observed before the normal swel-
ling process reasserts itself. 
In corneas swollen by pre-treatment with amphotericin B, replacement of 
CI by SO, in the AS bathing solution reduces the Tr increase observed after 
addition of ouabain. There are two possible, but not mutually exclusive 
explanations for this. First, the movement of Na?S0. across the lining cell 
layers of the cornea is restricted in comparison to that of NaCl. Secondly, 
the activity of the CI transporting mechanism which has been reported to be 
able to dehydrate the stroma (Klyce, 1975), is inhibited by the Cl-free bath-
ing solution and thus reduces the water efflux seen following ouabain ad-
ministration. The linear relationship between the Tr increase after ouabain 
and the actual Tr reached at the moment of ouabain addition implies that a 
constant fraction of the accumulated water is released. That fraction of 
accumulated water not released is probably bound to the stromal components. 
Our findings agree with the model of the rabbit cornea shown in Fig.7.6. 
It consists of a stromal compartment separated from the tears by the epi-
thelium and from the aqueous humor by the endothelium. Transport processes 
by these layers can load or deplete the stromal compartment of ions. The 
loading or depletion of the stromal compartment is accompanied by fluid 
translocation. Amphotericin В sharply stimulates Na transport across the 
corneal epithelium, loading the stromal compartment with NaCl. In response 
to the resulting NaCl gradient, water is translocated across the epithelium 
and probably also across the endothelium. When water transport across the 
endothelium from the aqueous to the stroma is blocked with silicon oil, the 
2 
epithelium is able to transport up to 3.1 μΐ/cm /h following stimulation of 
Na transport by amphotericin B. Ouabain stops the active flux of Na into the 
stromal compartment and hence the active water translocation across the epi­
thelium (Fig.7.6, lower panel). Subsequently, the accumulated salt and water 
leak away. In this model, the stroma as a whole is the primary site of the 
hypertomcity driving water translocation. The same model may be applied to 
the endothelium as well, so that in the rabbit cornea a mechanism operates 
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Andreoli and Schafer (1979). They argue that small osmotic gradients across 
an epithelial layer can be the driving force for fluid translocation. The 
NaHCCL gradient required for a fluid translocation of 5 jl/h/cm across the 
endothelium into the aqueous (as for example seen following the rewarming of 
-12 
corneas swollen by cooling) can be estimated. From the L value (42x10 
3 Ρ 
cm /dyne/sec) and the σ.,
 c
, (0.45) reported by Klyce and Russell (1979) 
together with the assumption that a>j
a
uro ~
 cNaCl (Godson and Miller, 1976), 
we have calculated that an osmotic gradient of 2.8 mOsm/1 suffices for the 
amount of fluid translocation across the endothelium as observed after re-
warming of the cornea. 
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SURVEY AND SUMMARY 
The function of the cornea is two-fold. First, to form a barrier to natu­
ral forces. Secondly, to permit light transmittance from the outside world 
towards the retina. The barrier function of the cornea is mainly fulfilled 
by the stromal layer in a mechanical way. A drawback of the stromal layer 
as a barrier is its tendency to swell passively and thereby to loose its 
transparency (cf Chapter 6). This passive swelling is prevented by the active 
transport processes of the lining cell layers, i.e. the epithelium (Zadu-
naisky, 1971b; Klyce, 1975) and the endothelium (Mishima and Kudo, 1968; 
Maurice, 1972; Chapter 6 of this thesis). 
The present study is mainly confined to the function of the epithelium of 
the rabbit cornea. The possible role of the epithelium in the preservation 
of corneal transparency has been a matter of dispute of several investiga­
tors. Green (1969a) pointed out that a close link existed between the Na­
transport by the epithelium and the swelling of the rabbit cornea, such 
that a decrease in Na-transport did cause an increase in corneal thickness, 
corresponding to a decrease in corneal transparency. Riley (1971) reported 
that the epithelium only consisted in a barrier to passive diffusion. In 
1975, Klyce indicated that stimulation of the epithelial Cl-transport of the 
rabbit cornea with theophylline resulted in a desuelling of swollen corneas. 
In this thesis the significance and mechanism of the Na-transport of the 
epithelium is reinvestigated, the Cl-transport mechanism is studied in more 
detail and the measurement of fluid transport across the lining cell layers 
of the cornea is correlated with that of the electrical transport parameters. 
The peculiarities of the Na and CI transport are determined for a great 
deal by the ionic permeabilities of the cell membranes. The ion permeabili­
ties of the tear side and aqueous side membranes have been studied in two 
different ways. In Chapter 3 the permeability to Na, К and CI of the mem­
branes of the epithelium has been studied by means of ion substitution ex­
periments. It was found that in control conditions the tear side membranes 
contained a Na and CI permeability. The CI channel was found to be influenced 
by the transepithelial potential difference. Its conductivity being higher 
at higher potentials. The accordance in resistance of the epithelium in Na-
free bathing solutions at the tear side and in tear side bathing solutions 
containing amiloride, suggest that amiloride is able to block the Na channel 
in rabbit corneal epithelium. The ratio of Na to CI permeability amounted to 
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0.62 assuming the presence of an infinite shunt resistance. The aqueous side 
membrane contained a К permeability only. 
Adrenergic agonists were able to introduce an additional CI conductance 
in the tear side тетЬгапеь (cf Chapter 3). It was found that ouabain incu­
bation of the cornea induced a release of adrenergic agonists which leaded 
to an increase in CI conductance too. The increase in CI conductance in the 
tear side membrane could be inhibited with propranolol. 
An additional tear side Na conductance could be brought about by ampho­
tericin В (Chapter 5). 
Both the increase in CI and in Na conductance resulted in an increase in 
calculated short circuit current. This finding leads to the conclusion that 
the CI and Na permeability of the tear side membrane are limiting steps in 
the active transport of these ions. 
This conclusion is corroborated by the results presented in Chapter 4 . 
CI was found to be accumulated into the cells as the result of a passive dis­
tribution across the tear side membrane. The CI accumulation depended at 
least partly, on the presence of Na in the aqueous bathing solution. The 
accumulated CI in the cells leaks away passively across the tear side mem­
brane on the basis of a favourable electrochemical gradient, but hampered by 
a relatively low CI conductance. 
The Na activity in the cellular compartment is lower than could be expect­
ed assuming a passive distribution across the tear side membrane. The Na 
transported across the aqueous membrane of the epithelium out of the cell 
driven by the Na-K-ATPase is replaced by Na entering the cell via the tear 
side membrane. The rate of replacement of Na is limited by the entry step, 
because increasing the Na conductance resulted in an increase in Na activ­
ity of the epithelial cells and an increase in Na transport (cf Chapter 4). 
The rather low value of ion permeabilities of the epithelial membranes are 
pointed out by the experiments described in Chapter 5. The ion gradients 
across these membranes did not readily dissipate after cooling the cornea. 
Rewarming of cooled corneas revelled an increase in transcorneal potential 
difference partly due to unmasking the still existing ion gradients and 
partly due to an electrogemc pumping activity of the Na-K-ATPase especially 
at low temperatures. The potential increase upon rewarming at low temperature 
was greatly increased by amphotericin В preincubation. Amphotericin В causes 
an increase in Na permeability of the tear side membrane of the corneal 
epithelium of the frog (Candía et al., 1974) and the rabbit (Candía and 
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Neufeld, 1978; Chapter 5 of this thesis). Next to this increase in Na per­
meability the Na activity of the epithelial cells also increases (Chapter 4). 
It was assumed that the Na entry across the tear side membrane is respon­
sible for the increase in initial potential. 
All transport parameters of the corneal epithelium determined up to now 
have been included into a model which is presented in Chapter 4. The model 
consists of a permeability for CI and Na in the tear side membrane and for 
К in the aqueous side membrane. Furthermore, in the aqueous side membrane 
a sodium pump (the Na-K-ATPase) and a neutral NaCl cotransport mechanism 
is located. This cotransport mechanism is proposed to be able to transport 
KCl from the cells to the aqueous humor as well. By means of this cotrans­
port mechanism the CI is actively accumulated into the cell at the cost of 
the Na gradient across the aqueous side membrane. The CI will passively leak 
away across the tear side membrane. 
In Chapter 6 it has been shown that the new designed Ussing type chamber 
permitted the simultaneous measurement of corneal transparency, potential 
difference and resistance in a reliable way. It was found that the observed 
changes in transparency of the rabbit cornea could be linearly correlated to 
the changes in water content of the stromal layer. In this way the fluid 
transport to and from the stromal layer was measured. The validity of the 
changes in transmittance as a measure of fluid transport was tested. Con­
firmation of this validity was found in the results presented in Chapter 6, 
which are in accordance with earlier reports using different techniques. It 
was revealed that changes in temperature in the presence of a hydrostatic 
pressure gradient could easily result in changes of water content of the 
stromal layer not due to active transport. 
In Chapter 7 the role of active Na transport on corneal transparency has 
been the subject of investigation. According to Green (1969a) the Na trans­
port of the corneal epithelium of the rabbit was necessary to supply Na to 
the stromal layer in order to neutralize the fixed negative charges of the 
glycosaminoglycans. Enhancing the Na transport by the epithelium towards 
the stromal layer by amphotericin В resulted in a decrease of corneal trans­
parency (Chapter 7). Inhibition of this stimulated Na transport with ouabain 
increased the transparency again (Chapter 7). These findings suggested that 
the epithelial Na transport as such cannot be simply correlated with the 
preservation of the corneal transparency. It was proposed that the stromal 
layer is a compartment that can be loaded with or deprived of ions by the 
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active transport processes of the lining cell layers: the epithelium and 
endothelium. This loading or deprivation of ions of the stromal compartment 
causes an influx resp. efflux of fluid corresponding to an increase and de-
crease of corneal transparency respectively. 
The presented experimental results have yielded a useful model to describe 
the mechanism of Na and CI transport in rabbit corneal epithelium. Further-
more, a model is presented that explains the connection between epithelial 
and endothelial ion transport and corneal transparency. 
Further experiments on the rabbit corneal epithelium are needed to find 
out whether a neutral NaCl cotransport mechanism or combined Na/H and 
C1/HC0, or C1/0H exchange mechanisms are operating in the process of CI 
accumulation into the cells. The regulation of this CI transport is also an 
important field for further investigation. Interference of loop diuretics 
with the CI transport of the toad cornea has been reported by Candia (1973) 
and by Schm'eders and Ludens (1980). Interference of adrenergic (ant)agonists 
with the CI transport of the cornea has been described by Montoreano et al. 
(1976), Candia and Neufeld (1978) and in this thesis (Chapter 3). Schnieders 
and Ludens (1980) indicated that the corneal epithelium may serve as a good 
model for the CI transport in general. The corneal epithelium as a model 
for CI transport is the more interesting because the measurement of intra-
cellularly potentials and ion activitres is relatively simple. 
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In dit proefschrift worden een aantal experimenten, uitgevoerd aan het 
hoornvlies van het oog, beschreven en de resultaten ervan geïnterpreteerd. 
Het hoornvlies is het voorste, doorzichtige gedeelte van het oog. Deze lig-
ging aan de buitenkant van het oog vraagt twee dingen van het hoornvlies, nl. 
stevigheid en doorzichtigheid. 
De stevigheid wordt verkregen door een bindweefselachtige tussenlaag van 
het hoornvlies, het stroma. Een probleem dat een dergelijke stevige laag met 
zich mee kan brengen, is dat de doorzichtigheid minder wordt. In het stroma 
is dit probleem opgelost doordat de laag is opgebouwd uit lamellen, die op 
hun beurt zijn opgebouwd uit langgerekte fibrillen evenwijdig aan elkaar en 
aan het hoornvlies-oppervlak. De afstand tussen de fibrillen duidt op een 
regelmatige ordening over kleine afstanden. Door deze ordening wordt de zij-
waardse lichtverstrooiing geminimaliseerd. 
Er is onder andere in dit proefschrift aangetoond, dat de tussenlaag van 
het hoornvlies van nature de neiging heeft te zwellen. Deze zwelling gaat 
gepaard met de vorming van gebieden zonder fibrillen, de zogenaamde meertjes. 
In deze meertjes is het zwellingswater voor het grootste deel opgehoopt. De 
gevormde meertjes geven aanleiding tot een grotere lichtverstrooiing en 
daarmee een troebel worden van het hoornvlies. 
In dit proefschrift is een opstelling beschreven die de licht-doorlaat-
baarheid van het hoornvlies kan meten. Voorts is aangetoond, dat de afname 
van de licht-doorlaatbaarheid rechtevenredig is met de toename van de water-
inhoud van het hoornvlies. 
Het zal duidelijk zijn, dat de troebeling van het hoornvlies onder normale 
omstandigheden niet plaats vindt. Een grote rol hierbij wordt gespeeld door 
de cellagen aan weerszijden van het stroma, ni. het epitheel aan de traan-
kant en het endotheel aan de lenskant. 
Er wordt aangenomen, dat het endotheel op zich al in staat is, door mid-
del van aktieve transportprocessen van zouten en water, de zwelling te voor-
komen. De rol van het epitheel in de regulatie van het zwellingsproces is 
tot nu toe nog niet eenduidig vastgesteld. In dit proefschrift is dan ook 
voornamelijk gekeken naar het funktioneren van het epitheel. 
De badvloeistof, die in de experimentele opstelling wordt gebruikt om het 
hoornvlies te omspoelen, lijkt wat zijn zoutsamenstelling betreft op het 
traanvocht en het vocht dat zich bevindt tussen het hoornvlies en de lens. 
Een methode om het funktioneren van het epitheel te onderzoeken, is het ef-
fect te bestuderen van wisselingen in zoutsamenstelling van de badvloeistof 
op de elektrische eigenschappen van het epitheel. Op deze manier is de door-
laatbaarheid van de traankant en de lenskant van het epitheel voor de ver-
schillende zoutcomponenten, natrium, kalium en chloor, van de badvloeistof 
bepaald. 
Met behulp van zeer dun uitgetrokken glasnaalden, de zogenaamde mikro-
elektroden, met een puntdiameter kleiner dan 1/1000 mm, is de aktieve con-
centratie van de bovengenoemde zoutcomponenten bepaald. Door de genoemde 
experimenten is het duidelijk geworden dat natrium door aktieve processen 
in de celwand aan de lenszijde van het epitheel getransporteerd kan worden 
van de traankant naar de lenskant. Tevens is duidelijk geworden dat onder 
bepaalde omstandigheden dit transport van natrium uiteindelijk kan leiden 
tot een netto chloor stroom van de lens naar de traankant. 
Met experimenten, waarbij de omgevingstemperatuur van het hoornvlies werd 
gevarieerd tussen 0 en 35 C, is aangetoond, dat de bovengenoemde aktieve 
transportprocessen en vooral dat van natrium, nog werkzaam zijn bij lage tem-
peraturen. Dit zou er op kunnen wijzen dat het epitheel van het hoornvlies 
als buitenste deel van het oog aangepast is aan de lage temperaturen waaraan 
het onder normale omstandigheden blootgesteld kan worden. Ook is vast komen 
te staan dat de doorlaatbaarheid van het epitheel voor de zoutcomponenten 
absoluut gezien erg klein is. 
In het laatste deel van het proefschrift is nagegaan of het epitheel be-
halve zouten ook effektief water kan transporteren. Dit is van groot belang 
in verband met de waterhuishouding van de tussenlaag van het hoornvlies. In 
verband met eerdere resultaten is gekozen voor de bestudering van een even-
tueel watertransport gedreven door een gestimuleerd natriumtransport. De 
stimulatie van het natriumtransport werd verkregen door de bottle neck van 
het natriumtransport, namelijk de geringe doorlaatbaarheid, op te heffen. 
Inderdaad bleek een waterbeweging door dit natriumtransport op gang te 
worden gebracht. Het is mogelijk dat de ophoping van natrium in het stroma 
de drijvende kracht is voor de waargenomen waterbeweging. 
Na de vaststelling, dat het epitheel in staat is tot een goed meetbaar 
watertransport is het belangrijk te onderzoeken of het chloortransport een 
substantiële bijdrage kan geven aan het compenseren van de neiging tot zwel-
ling van het hoornvlies. Een goed begrip van de regulatie van het chloor-
transport is in dit verband onontbeerlijk. Nader onderzoek hiernaar is dan 
ook van groot belang. 
STELLINGEN 
1. Het epitheel van de cornea van het konijn is een uitstekend modelsysteem 
om de regulatie van chlnridesecretie in epithelia elektrofysiologisch te 
bestuderen. 
2. In de basolaterale membraan van het epitheel van de cornea bevindt zich 
een translocatie mechanisme dat chloride de cel in brengt. Dit trans-
port is tegen de elektrochemische gradiënt van chloride in en wordt mo-
gelijk geënergetiseerd door de natrium gradiënt over die membraan. 
(Ho ufi dó-tufe 4 van dut pn.oe.dich'u.^t) 
3. Hodson en Mayes hebben bij de interpretatie van hun experimenten ten on-
rechte de invloed van de negatieve temperatuurscoëfficiënt van de zwel-
lingsdruk van het stroma buiten beschouwing gelaten. 
(Mai/eo, K.R. and Hodion, S. (797S) Екр.Еуг. Пел. 26, 141-145 : Hooidituk 
6 van cLvt ptioziAclvu-fit) 
4. Het stroma van de cornea van het konijn fungeert als een compartiment 
waarin de ionaktiviteit onder andere wordt bepaald door de iontransport-
processen van het epitheel en het endotheel. De osmotische gradiënt op 
deze manier over de cellagen aangelegd, is een drijvende kracht voor 
waterverplaatsing over die cellagen. 
lHoof,dituk 7 van dvt pKozfachnA-^t) 
5. Het brush border eiwit, beschreven door Wilson en Lawson, waarvan de 
fosforylering vitamine D-afhankelijk is, is waarschijnlijk alkalische 
fosfatase. 
[W-dUon, P.W. and lamon, P.E.M. (Í9SJ) HautuAe ZS9, 500-502) 
6. De fysiologie van transporterende epithelia is op corpusculaire grond-
slag. 
7. Voor de interpretatie van veranderingen in membraan-vloeibaarheid, geme-
ten met fluorescerende probes, is het van groot belang de spreiding van 
deze probes over de membraan te onderzoeken. 
lAxztuod, J. and HlnaZa, F. (/9«0) HaZuKz 2&9, 27S-Z79) 
8. Bij de toename van de chloride permeabili teit in het epitheel van de 
cornea, veroorzaakt door adrenerge agoni sten, speelt de toename van de 
membraan-vloeibaarheid een belangrijke rol. 
[SchcL&i&zn., В.E. and ZaduMUAky, J.A. (/979) Віоакл.т.ВІоркуі.Асіа 556, 
131-143; licúa, J. (/979) З. куілмІ. lU, 361-373) 
9. De mogelijkheid tot overerving van adaptatie op immunologisch gebied is 
teleologisch gezien zeer waarschijnlijk. 
10. Het citaat "degeen die vrede wenst, moet zich op oorlog voorbereiden" 
begint een wereldbedreigende betekenis te krijgen. 
(l/eget¿u4, 4г eeuw) 
11. Het afgeven van een bouwvergunning vóór het afgeven van een hinderwet-
vergunning of vóór het volledig doorlopen van een bezwaarschriften-
procedure, kan het inbouwen van oneigenlijke argumenten in de hinderwet-
en bezwaarschriftenprocedure veroorzaken. 
12. Een kind en een politicus moeten als elkanders tegenpolen gezien worden 
in zover de eerste met één woord veel wil zeggen, terwijl de tweede met 
veel woorden vaak weinig wil zeggen. 
13. Het moet voorkomen worden, dat door "doemdenken" de tijdgeest een klop-
geest wordt. 
Nijmegen, 22 juni 1981 C.M.A.W.Festen 
Krips Repro, Meppel 


